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SUMMARY
Methods have been developed f o r  th e  measurement o f macro- and 
m ic ro -s tre s se s  in  com m ercially pure tita n iu m  (IM I.130) and macro­
s tr e s s e s  in  6$/\l“4%V tita n iu m  a l lo y  (IM I.318A). M acro -s tre sses  we re  
measured by th e  X-ray l in e  s h i f t  te ch n iq u e , u s in g  bo th  th e  f i lm  and 
d if f ra c to m e te r  methods. M ic ro -s tre sse s  were measured by the  X -ray l in e  
broadening tech n iq u e , u s in g  a d if f ra c to m e te r ,  and 'l in e *  p r o f i l e s  were 
an aly sed  by th e  in te g ra l ' b re a d th  method. The accuracy  of macro- and m icro­
s t r e s s  measurement i s  d iscu ssed .
Good agreem ent was o b ta in ed  in  the measurement o f m a c ro -s tre sse s  in  
IMI.130 and IM I.318A deformed u n id i r e c t io n a l ly  in  fo u r  p o in t lo a d in g , 
w ith  X-ray d i f f r a c t io n  methods, s t r a i n  gauges and bending th e o ry . The 
re s id u a l  m a c ro -s tre sse s  only occur in  t ita n iu m  a f t e r  i t  has been p l a s t i c a l l y  
deformed and are  in tim a te ly  connected w ith  the  X-ray l im i t  of p ro p o r t io n a l i ty  
The e f f e c t  of deform ation in  u n id ir e c t io n a l  and u n ia x ia l  te n s io n  on the a p p l­
ie d  and re s id u a l  m acro -s tre sses  in  IM I.130 i s  d iscu ssed  in  the l i g h t  of 
c u r r e n t  th e o r ie s  and a hy p o th esis  i s  p u t forw ard  re g a rd in g  the e x is ten c e  and 
measurement of r e s id u a l  l a t t i c e  s t r a in s .
The e f f e c t s  of g r in d in g , m achining o r sho t peening  on the r e s id u a l  
macro- and m ic ro -s tre s se s  in  IM I.130 and m a cro -s tre sses  in  IM I.318A a re  
d iscu ssed . I t  i s  concluded th a t  th e  deform ation  p ro cesses  g ive r i s e  to  
both r e s id u a l  macro- and m ic ro -s tre s s e s .  The v a rio u s deform ation  p rocesses 
produce d i f f e r e n t  p a tte rn s  o f macro- and m ic ro -s tre s s  d i s t r i b u t io n ,  thus show 
in g  the im portance of m easuring b o th  types of s t r e s s e s .
Comparison i s  made between the  modes o f deform ation  in  sh o t peened, 
machined su rfa ce s  and in  p l a s t i c a l l y  deformed specim ens in  u n ia x ia l  te n s io n . 
Recommendations f o r  fu tu re  work a re  s ta te d .
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1 1 c INTRODTOiai
v  #«waflwrF«s3asaamOTw*a*»ctw»Mcti-i<
Residua], s tr e s s e s  r e s u lt  frcm non-uniform p la s t ic  deform ation, 
brought about by heat treatment s deformation or machining. Tk^ 
s tr a in s  produced by such op eration s, and reta in ed  a f te r  a l l  ex tern a l 
fo rces are re le a sed , are known as res id u a l s tr a in s  'and th e accompanying 
s tr e s s e s  are known as res id u a l stresses®
Heat treatm ent, bending or r o l l in g  produce s tr e s se s  which vary 
through the se c t io n  o f a component or s tr u c tu r e . w h ils t operations such 
as tu rn in g , m illin g , grinding, shot b la s t in g , shot peening, p la t in g , or 
etching produce e f f e c t s  which are gen era lly  confin ed  to  the surface  
reg io n s.
When s ig n if ic a n t  resid u a l s tr e s s e s  are present in  a m a ter ia l, th ese  
can in flu en ce  many p rop erties  such as d is to r t io n  during machining, work- 
hardening, corrosion  r es is ta n ce  or fa t ig u e  stren g th .
The fundamental p r in c ip le s  upon which s tr e s s  determ ination by th e  
X-ray d if fr a c t io n  technique i s  based are s e t  fo r th  in  .. t  t e x t  books 
(C u ll ity  ( 1 ) ,  B arrett ( 2 ) ,  Taylor ( 3 ) ,  Barrett & M assalski (2*.)). Various 
methods o f applying X-ray d if fr a c t io n  techniques to  the measurement o f  
surface s tr e s s e s  have been published , from ea r ly  papers o f  Fromms r  &
Lloyd ( 3 ) ,  Thomas ( 6 ) ,  Hawkes ( 7 ) ,  Moore (8) to  the more recen t methods 
employing geiger-cou n ters fo r  s tr e s s  measurement o f  case hardening s t e e l s .
An evalu ation  o f  th ese  la te r  techniques has been published by Beu (9 ) .
The b a s is  o f m acro-stress measurement by X»ray d if fr a c t io n  is,,, th at when 
a c r y s ta ll in e  p iece  o f  m etal i s  deformed e la s t i c a l ly  in  such a manner th at
I
the s tr a in  i s  uniform over r e la t iv e ly  la rg e  d is ta n c e s , the l a t t i c e  plane  
spacings in  th e co n stitu en t grains change from th e ir  s tr e s s - fr e e  value to  
some new value corresponding to  the magnitude o f  the ap p lied  s t r e s s ,  th is  
new spacing being e s s e n t ia l ly  constant frcm one grain  to  another fo r  any 
p a rticu la r  s e t  o f  planes* This uniform m acro-strain  causes a s h i f t  o f  
th e  d if fr a c t io n  l in e  to  a new p o s it io n . On the other hand, i f  th e m etal 
i s  deformed p la s t ic a l ly  the la t t i c e  p lanes u su a lly  become d is to r te d  in  suchI
a way th at th e  spacing in  any p a rticu la r  s e t  o f  p lanes v a r ies  from one gra in  
to  another or from one part 'pf a grain to  another. This non-uniform m icro- 
s tr a in  causes a broadening o f  th e  corresponding d if fr a c t io n  l in e s .  Further 
broadening o f  the l in e s  i s  produced by a reduction in  c r y s t a l l i t e  s i z e ,  by 
fa u lt in g  on c er ta in  p lan es, and by the instrum ental e f f e c t  a sso c ia te d  vdth  
the method o f  recording the p r o f i le .  In a p la s t ic a l ly  deformed m a ter ia l,
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both kinds o f  s tr a in  are u su a lly  superimposed* and d if fr a c t io n  l in e s  
are both s h if te d  and broadened*
There a re  fo u r  rev iew  a r t i c l e s  (G-reenough (1 0 ) , V a sile b  Sm irnor
(11), Macherauch (1 2 ) ,  Denton ( l 3 ) which have summarised th e s ta te  o f/ -
a f fa ir s  in  th is  f i e l d  up to  1952, up to  1961 and up to  1966 resp ective ly*  
R ecently Kirk (188) has reviewed the th e o r e t ic a l con sid era tio n s, exp eri­
mental fea tu res and p r a c tic a l a p p lica tio n s o f  X-ray d iffractom eter  
techniques to  the accurate determ ination o f  r es id u a l m acro-stresses*
Lewis and Korthwood (1 4 ) , in  th e ir  review  a r t i c l e ,  have d iscu ssed  the  
e f f e c t  o f  m icro-stra in s on th e p h y sica l and chem ical p rop erties  o f  various  
m aterials* Evans and M illans (26) have shown the e f f e c t  o f m icro -stra in  
and p a r t ic le  s iz e  on the fa t ig u e  p rop erties  of s t e e l s  at various hardness 
lev e ls*  Evens and Buermelce (198) have in v e stig a te d  the in flu en ce  o f  
m icro -stra in s and p a r t ic le  s iz e  r e su lt in g  from hardening and co ld  'working 
o f  SAE 1045 s t e e l  and fu rth er  correla ted  th ese  measured parameters to  
fa t ig u e  properties*
Some p u b lish e d  in fo rm atio n  had in d ic a te d  th a t  a ttem p ts  to  measure 
ro a c ro -s tre sse s  in  t i ta n iu m  by th e  X -ray back r e f l e c t i o n  method had n o t 
been s u c c e ss fu l f o r  th e  fo llo w in g  two rea so n s
i )  in s ig n if ic a n t ly  sm all l in e  displacem ent
i i )  lack  o f  r e q u is ite  b asic  data on titanium  necessary fo r  
the ca lcu la tio n s  involved*
E a r lier  work carr ied  out in  th ese  la b o ra to r ies  in d ica ted  th at w ith  
Cu Ka ra d ia tio n  th e q u a lity  o f  film s obtained was poor, f i r s t l y  because 
the wave len gth  fo r  Cu Ka(X= 1*54?)i s  shorter than the IC absorption edge 
o f titanium  (^ = 2*54?) and t h is  probably caused th e  r e f le c t io n s  to  be weak* 
The flu orescen t ra d ia tio n  em itted by titanium  was a lso  considered to  be a  
contributory fa c to r  to  th e  poor film  quality*
The su rfa c e  tre a tm e n t o f  t i ta n iu m  p r io r  t o  s t r e s s  measurement i s  
very  im portan t because ti ta n iu m  has a s tro n g  a f f i n i t y  f o r  oxygen, and even 
th in  oxide f ilm s  could  a f f e c t  th e  s t r e s s  an a ly sis*  X -rays o f  th e  wave 
le n g th  used  f o r  d i f f r a c t io n  on ly  p e n e tr a te  s u rfa c e s  to  a  depth  o f th e  
o rd e r o f  a  few te n th s  o f thousand ths o f  an inch  and t h i s  r e q u ire s  th a t  
s p e c ia l  a t t e n t io n  shou ld  be p a id  to  su rfa c e  p rep a ra tio n *
Weaver and M uller (1 5 ) ,  V oigt ( i 6 ) ,  O g ilv ie  (1 7 ) ,  L ih l (18) and 
K oisten and Marburger (19) have s tr e s se d  th e importance o f surface  
preparation in  the s tr e s s  an a ly sis  o f  s te e ls*
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E a r lier  work carr ied  out in  th ese  lab ora tor ies  (20) had in d ica ted  
th at e lec tro p o lish in g  o f  titanium  was not sa t is fa c to r y  surface treatm ent, 
because i t  resu lted  .in changes in  the d if fr a c t io n  p attern . The e f f e c t  
o f su rface  preparation o f  titanium  on the q u a lity  o f  film s  produced by 
the X-ray back r e f le c t io n  technique was th erefore  considered to  be a very  
important fa c to r  in  s tr e s s  a n a ly s is  o f  titanium .
I t  i s  assumed in  the c la s s ic a l  theory o f  e la s t i c i t y  th a t th e  
m ateria l being examined i s  e la s t i c ,  homogeneous and is o tr o p ic , Hawkes (7 )  
and Moore (8) su c c e ss fu lly  app lied  the assumption o f  iso tro p y  to  m ateria ls  
not n e c essa r ily  iso tro p ic^ in  fa c t , having F C C and B C G  c r y s ta l s tru c tu res . 
At room tem perature, titanium  c o n s is ts  o f 0t(CHi s tr u c tu r e ) , and high  
strength  titan ium  a llo y s  in  current use have a duplex stru ctu re  c o n s is t in g  
o f tt phase (CPH stru ctu re) in  a matrix o f 3 phase ( B C G  s tr u c tu r e ) . In  
view o f  the fa c t  th at the a  phase (CFH stru ctu re) i s  a f a ir ly  an iso tro p ic  
m a ter ia l, i t  was considered doubtful whether th e  c la s s ic a l  theory o f  
homogeneous e la s t ic i t y  could be app lied  su c c e s s fu lly  to  citanium and i t s  
a llo y s .
In th e i n i t i a l  s ta g es  th erefo re  in v e s t ig a tio n  was confined to  -
e s ta b lish in g  the technique fo r  measuring su rface  re s id u a l s tr e s s e s  by 
the m ulti-exposure X-ray back r e f le c t io n  technique. The m ateria l in v e s t i ­
gated was corinnercially pure titan ium  (B H .130) using  d if fe r e n t u n f ilte r e d  
K a  ra d ia tion s w ith a su ita b le  c a lib r a tio n  powder. The e f f e c t  o f  the  
surface preparation procedure on the q u a lity  o f X-ray film s  was f u l ly  
investigated ,, The surface s tr a in s  induced by bending were c a lc u la te d  
using elementary bending theory and compared w ith th ose evaluated  by th e  
m ulti-exposure X-ray back r e f le c t io n  technique. Later a method was 
developed to  measure both the m icro-stra in s and m acro-strains using  
the d iffractom eter .
The main aims o f the present in v e s t ig a t io n  w ere:-
(1 ) to  see  i f  X-ray d if fr a c t io n  .methods could be ap p lied  to  measure 
r es id u a l s tr e s s e s  in  titanium ;
( 2) to  develop techniques for surface preparation p r io r  to  measuring 
s tr e s se s  by X-ray d if fr a c t io n ;
(3 ) to  develop m ulti-exposure X-ray back r e f le c t io n  technique to  
measure s tr e s se s  in  commercially pure titanium  (iMTol30) and to  
compare th ese  w ith the ap p lied  s tr e s s e s  measured by s tr a in  gauges 
and a ls o  ca lcu la ted  by bending theory^
(4 ) to  develop a su ita b le  j i g  t o  measure s tr e s s e s  by the d iffractom eter . 
The development o f th e  j i g  involved  the a p p lica tio n  o f  e ith e r  
t e n s i le  or compressive s tr e s s e s  to  th e  upper surface o f  "strip s{
(5 ) to  develop methods fo r  measuring m icro -stresses  in  Hi 1 , 130;
(6 ) to  in v e s tig a te  th e  e f fe c t  o f surface treatm ents i . e .  grind ing ,
shot p een irg , vapour b la stin g *  various modes o f  machining* bending
and u n ia x ia l ten sio n  on both the surface and subsurface macro and 
m icro -stresses  fo r  IMI.130;
(7 ) to  develop m ulti-exposure X-ray back ref3 action and d iffractom eter
techniques to  measure m acro-stresses in  th e Ti (IMI.318A)
a llo y  and to  compare th ese  w ith  th e  app lied  s tr e s s e s  measured by 
s tr a in  gauges and ca lcu la ted  by th e  ben&ing theory;
(8 )  to  ca lcu la te  th e  X-ray e la s t ic  constants fo r  both th e  IMI.130 arid 
BII.318A;.
(9 ) to  exp la in  the o r ig in  o f  res id u a l l a t t i c e  s tr a in s  in  3MI.130 deformed 
p la s t ic  a l ly  in  u n ia x ia l ten sio n .
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2 . LITEFATURS SURVEI
2 .1 . T echno log ical Im portance of R es id u a l S tre s s e s .
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2 .1 .1#  R esid u a l s t r e s s e s  a re  p re se n t in  v i r t u a l l y  every  s t r u c tu r e  o r 
m achined p a r t  a s  a r e s u l t  o f  th e  p ro c e sse s  used  to  make them* R esid u a l 
s t r e s s e s  frcm non-uniform  p l a s t i c  deform ation  a re  brought about by h e a t 
t re a tm e n t, deform ation* machining® n o rm ally  r e s id u a l  s t r e s s e s  a re  an 
i n t r i n s i c  fe a tu re  o f  most o f  th e  m achining and f a b r ic a t io n  o p e ra tio n s .
The magnitude and s ig n  o f  th e  r e s id u a l  s t r e s s  system depends la r g e ly  upon 
th e  p ro cess in g  c o n d itio n s  and th e  m echanical p ro p e r t ie s  o f  th e  m a te r ia l  
a t  th e  tim e  o f  p rocessing*
2 .1 .2 , The in f lu e n c e  o f  r e s id u a l  s t r e s s e s  on th e  perform ance o f  a  component 
in  s e rv ic e  i s  o f  g re a t im portance . This in f lu e n c e  may be b e n e f ic ia l  o r  
d e trim en ta l*  The f u l l  e x p lo i ta t io n  o f  a v a ila b le  r e s id u a l  s t r e s s e s  produced 
by p ro p er d esig n  and p ro c e ss  c o n tro l  depends upon th e  r e l i a b i l i t y  o f  th e  
method o f  measurement and an adequate  u n d e rs tan d in g  o f  th e  o r ig in  and 
e f f e c t s  o f  th e se  s t r e s s e s .  High su rfa c e  r e s id u a l  t e n s i l e  s t r e s s e s  can be 
d e le te r io u s  as th ey  may cause  s t r e s s  c o rro s io n  and f a t ig u e  f ra c tu re s*  In  
th e  p a s t ,  tech n iq u es  have been developed and used  t o  m easure th e  m acroscopic 
su rfa c e  r e s id u a l  s t r e s s e s  f o r  example by s t r a i n  gauges, d i f f r a c t i o n  te c h n iq u e s , 
and s e c t io n in g  procedures* The in f lu e n c e  o f  s u rfa c e  r e s id u a l  s t r e s s e s  a r i s in g  
from su rfa ce  tre a tm e n ts  such as g r in d in g , sh o t p een in g , c a rb o r is in g  and from 
v a rio u s  c u t t in g  and form ing o p e ra tio n s  on th e  apparen t b eh av io u r o f  m a te r ia l  
p ro p e r t ie s  has been in v e s t ig a te d  and  a p p lie d  w ith  su c c e ss . Much o f  t h i s  work 
has been re p o r te d  in  th e  s ta n d a rd  re fe ren ces*  A lthough th e  th e o ry  and 
p r a c t ic e  o f  m ic ro -s tre s s  measurement by X -rays i s  w e l l  e s ta b l is h e d ,  i t  has 
been r a r e ly  a p p lie d . T his i s  s u rp r is in g  when i t  i s  co n s id e re d  how w ide ly  
X -rays a re  used  f o r  measurement o f  m acro-stresses©
2 . 1 . 3 . The e x is te n c e  o f  a  system o f  m ic ro ~ s tre 3s in  a  body i s  r e f le c te d  in  
many o f i t s  p r o p e r t ie s ,  b u t in  s p i t e  o f t h i s  f a c t  i t  i s  ve ry  d i f f i c u l t  t o  
o b ta in  a  d e ta i l e d  p ic tu r e  o f th e  m agnitude and d i s t r ib u t io n  o f  th e  m ic ro - 
s t r e s s e s .  T h is  i s  due t o  th e  f a c t  t h a t  th e  s e n s i t iv e  p ro p e r t ie s  a re  g e n e ra l ly  
th o se  which can  on ly  be measured on a  b u lk  specim en w h ils t  th e  s t r e s s e s  e x i s t  
on a  lo c a l i s e d  s c a le  hence th e  r e s u l t  i s  seme s o r t  o f  roo t-m ean -square  value  
o f  th e  s t r e s s .  The g e n e ra l m ic ro - s tr e s s  le v e l  i s  th u s  a v a i la b le  b u t n o th in g  
o f  a  v e ry  s p e c if ic  n a tu re . T y p ic a l p ro p e r t ie s  which a re  m easured a r e : -
( 1 ) i n t e n s i t y  o f th e  m easured m a g n e tisa tio n  fo r  f e r r o  m agnetic su b stan ces  
o r
(2) th e  shape o f  th e  X -ray  d i f f r a c t i o n  lin e *
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2.1 .4#  m icro -stresses  p lay  a very important r o le  in  th e  performance 
o f  an engineering stru c tu re , p a r tic u la r ly  in  those b a sic  con sid eration s  
d ea lin g  w ith  the mechanisms o f  fracture* TheTexistence o f m icro -stresses  
i s  a fundamental featu re o f the problem o f  c r y s ta l l in e  s o lid s  and the  
question  o f  c r y s t a l l in i t y  and i t s  consequences cannot be divorced  from 
any p r e c ise  treatm ent o f the behaviour o f s o l id s .  The in i t ia t io n  o f  
fracture i s  a very lo c a l is e d  phenomenon and i s  apparently in flu en ced  by 
the lo c a l  s tr e s s  s itu a t io n . M icro -stresses a lso  e f f e c t  th e mechanical 
and chem ical p ro p erties  o f  th e  m ater ia l.
2 .1 .5#  In  view  o f  th e tech n o lo g ica l importance, sev era l attem pts have been 
made to  examine th e X-ray d if fr a c t io n  l in e  breadth in  r e la t io n  to  the  
fa t ig u e  phenomenon w ith varying r e s u lt s .  Gough and Wood (21 ) working on 
s t e e l ,  considered th a t th e  l in e  breadth on ly  increased  markedly i f  the  
applied  s tr e s s  was o f  such a magnitude as to  cause even tual f a i lu r e .
B arrett (22) did not consider th a t there was any such c o rr e la tio n  o f  
l in e  breadth with sa fe  and unsafe l im it s .  This conclusion  was a lso  
reached by Terminassov (23) who mads many q u a n tita tiv e  measurements o f  ; |
l in e  breadth during th e  fa t ig u e  l i f e  o f  s t e e l  specimens te s te d  at various :?■
s tr e s s  l e v e l s .  He found that th e  l in e  breadth always increased  during th e  
ea rly  c y c le s ,  and then remained approxim ately constant fo r  a l l  s t r e s s  
l e v e l s ,  and th at there was no s ig n if ic a n t  d ifferen ce  between the e f f e c t s  
o f  sa fe  and unsafe s t r e s s e s .  h:,:
2 .1 .6 . Niemann and Stephenson (24) have stu d ied  the l in e  breadth in  f
r e la t io n  to  the damping capacity  shown by specimens o f  alpha brass a f t e r  
c o ld  working. They concluded th a t there was no co rr e la tio n  between the
two p ro p er tie s .
2 .1 .7 . Hawkes (25) stu d ied  th e e f f e c t  o f m icro -s tre sse s  on the s tr e s s  
corrosion  prop erties o f  th e  aluminium a llo y  DTD.5044 and concluded th a t  
m icro -stresses  a r is in g  from co ld  work d id  not a f fe c t  th e  s tr e s s  corrosion  
p rop erties  o f  th is  a l lo y . Evans and M illans (26) have stu d ied  the e f f e c t  
o f  m icro -stra in s  and p a r t ic le  s iz e  on the fa t ig u e  p rop erties  o f  s t e e l  shot  
peened to  g iv e  various hardness le v e l s .  They found th a t r .m .s . s tr a in  
in creased  and p a r t ic le  s iz e  decreased with th e hardness.
2 .1 .8 . Evans and Buenneke (193) have in v e s tig a te d  the in flu en ce  o f  m icro­
s tr a in s  r e su lt in g  from hardening and co ld  working o f  SAE 1045 s t e e l .  They 
have shown that m icro -stra in s  caused by e ith e r  hardening or shot peening  
varied  markedly over m icro-region s. In g en era l, in creasin g  the hardness
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o r peen ing  in te n s i ty  in c re a se d  the-r*m *s* s t r a i n  and d ecreased  th e  
p a r t i c l e  s ize*  They have f u r th e r  r e la te d  th e se  m easured p aram eters  to  
f a t ig u e  p roperties©
201c9e Lewis and Northwood (14) in  a review  a r t ic le  have shewn th at  
m icro -stresses  can g r ea tly  a f f e c t  the p h y sica l and chem ical p rop erties  
o f  the m ateria l i . e .  corrosion  r e s is ta n c e , r e a c t iv i t y ,  m echanical 
p ro p er tie s , hardness, etc* For example, th ey  have shown th a t m icro­
s tr a in s  can a f fe c t  the e lec tro d e  p o te n tia l and hence th e corrosion  ra te  
o f  copper w ire, th e r a te  o f  d is so lu t io n  o f l i t h  um flu o r id e  powder, and 
th e  crushing stren gth  o f  s in te r ed  compacts. They have fu rth er shown th a t  
m icro-stra in s can produce a change in  the stru ctu re  o f th e  m a ter ia l, which 
can a f f e c t  i t s  subsequent ease o f  fabrication©
2*1 ©10c T itanium  has a  unique ccsnbination o f h igh  s t r e n g th ,  low d e n s i ty  
and e x c e lle n t  c o rro s io n  r e s is ta n c e  and i t s  a p p lic a t io n s  v a ry  w id e ly  from 
aero sp ace  in d u o tiy , m e ta l f in i s h in g ,  to  th e  g e n e ra l e n g in ee rin g  industry©
In  s p i te  o f  th e  commercial im portance o f  ti ta n iu m  th e  t r u e  e f f e c t  o f  macro-  
a n d /o r m ic ro - s tr a in s  on th e  p h y s ic a l ,  m echanical and c h e m ic a l 'p ro p e r tie s  
o f  t i ta n iu m  has not been f u l l y  evaluated*  R ecen tly  B ra sk i and  R oyster (2 ? ) 
have shown th e  in f lu e n c e  o f  g la s s  bead p een in g , san d  and ox ide  b la s t in g  
, and v ib ra to ry  tum bling tre a tm e n t on th e  su rfa c e  r e s id u a l  s t r e s s  p a t te r n s  - 
o f  - t i ta n iu m  a llo y  and /Mo-1 tita n iu m  alloy*
2,1.11* The - aim o f  t h i s  in v e s t ig a t io n  was t o  e s ta b l i s h  th e  tech n iq u e  .-for' 
m easuring b o th  th e  macro and m ic ro - s tr a in s  in  ti ta n iu m , and to  c o r r e la te  
th e  in f lu e n c e  o f  macro as w e ll as m ic ro - s t r a in s  on th e  p h y s ic a l ,  m echan ical 
and chem ical p ro p e r t ie s  as  f a r  as  possible©
2 .1 .1 2 . A ta b le  fo llow s o f  th e  te c h n o lo g ic a l  p ro p e r t ie s  o f  t i ta n iu m  a f f e c te d  
by m ic ro -s tra in s
P h y s ic a l P ro p e r t ie s Chemical P r o p e r t ie s
H ardness, D u c t i l i ty ,  F a tig u e E tch in g , C o rro s io n , Chem ical
Wear, Damping C a p a c ity ,( M ill in g
F ra c tu re - to u g h n e s s , F ra c tu re  'wxoefc.
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2 * 2 . The a v a ila b le  t i ta n iu m  a l lo y s  a re  of th re e  ty p e s : a lp h a , a lp h a -b e ta  
and b e ta .  These d e s ig n a tio n s  r e f e r  t o  th e  predom inant phases p re s e n t i n  
th e  m c ro -s tru o tu re *
The h e a t tre a tm en t p o t e n t i a l i t i e s  o f  most t i ta n iu m  base a l lo y s  a re  
based  on th e  f a c t  t h a t  t i ta n iu m  p o sse sse s  an  a llo tro p ic , t  r  ans form at io n  a t  
882°C* Belov? t h i s  tem p era tu re  t i ta n iu m  has a  c lo se  packed hexagonal c r y s t a l  
s t r u c tu r e  (a lp h a ) -  w h ils t  above t h i s  tem pera tu re  i t  h as a  body c e n tre d ' 
cub ic  form (b e ta )*  The fo rm atio n  o f  th e  h ig h e r  te n p e ra tu re  p h ase , b e ta ,  
by h e a tin g , fo llow ed  by ra p id  co o lin g  to  below  th e  tra n s fo rm a tio n  tem pera­
tu re  to  r e t a i n  some o f  th e  b e ta ,  and i t s  subsequent tra n s fo rm a tio n  to  th e  
low er tem p era tu re  p h ase , a lp h a , c o n s t i tu te s  th e  b a s is  o f  th e  mechanism o f 
t i ta n iu m  a l lo y  tra n s fo rm a tio n  hardening*
2.2*2* The behaviour o f  ti ta n iu m  a l lo y s  in  p a ss in g  th rough  th e  b e ta  -  a lp h a  
change has c e r t a in  f e a tu re s  in  common w ith  t h a t  o f  s t e e l  p a ss in g  th rough  
th e  gamma -  a lpha  change i . e .  m & rten s itic  and p e a r l i t i c  types* The term s 
in vo lved  in  th e  m ic ro -s tru c tu re s  a re  d e f in e d  a s  fo l lo w s :-  M
A lpha; hexagonal c lo se  packed c r y s t a l  s tru c tu re *
Alpha prim e: a lp h a  which h as formed from b e ta  by a  sh e a r
mechanism (m a r te n s i t ic  r e a c t io n )  which g iv e s  r i s e  
to  an  a c ic u la r  m ic ro -s tru c tu re *  A lpha prim e has 
th e  sama c r y s ta l  s t r u c tu r e  a s  alpha* I t  i s  su p e r­
s a tu r a te d  alpha*
B eta: body c e n tre d  cub ic  c r y s t a l  s t r u c tu r e .
B eta  p rim e: has quenched b e ta  m ic ro -s tru c tu re  b u t h as
h ig h e r  h a rd n ess  th an  th e  e q u ilib r iu m  b e ta .  I t  
i s  u n s ta b le  b e ta  which has p a r t i a l l y  tran sfo rm ed  
g iv in g  subm icroscopic a lp h a  w ith  consequent 
h a rd en in g .
U nstab le  b e ta :  n o n -eq u ilib riu m  b e ta  w hich, a t  th e  tem p era tu re
under c o n s id e ra t io n , has com position  ly in g  o u ts id e  
th e  e q u ilib r iu m  range o f b e ta  s t a b i l i t y .  Being 
u n s ta b le  i t  has a  tendency  to  tran sfo rm  to  o th e r  
p h ases . P ro p e r ly  c o n tro l le d  t h i s  tra n s fo rm a tio n  
can ach iev e  u s e f u l  s tre n g th e n in g  w h ile  r e t a in in g  
adequate d u c t i l i t y .
2 .2 .3*  The heat treatm ent o f  titan ium  a llo y s  has to  be approached, w ith  
caution  because o f  c e r ta in  m eta llu rg ica l problems which are p e c u lia r  to
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titan ium . For example, titanium  a llo y s  ex h ib it womega” em brittlem ent.
Ageing a t 350 -  ifOO°G beta  transforms to  a tr a n s it io n  phase ”omega” 
when the reta in ed  unstable beta decomposes to  a lp h a;-
beta  omega + beta  alpha + b eta  
2.2 .4* The formation o f  omega in  th e beta  m atrix i s  accompanied by maximum 
hardness and severe embrittlement* D u c t i l i ty  can be resto red  by over­
ageing , when transform ation to  alpha occurs*
2 .2 ,3*  I f  a llo y s  ere  cooled  slow ly  fron the beta  range, alpha sep arates  
from beta  by a n u d e  at ion. and growth mechanism; ‘th e  alpha forms both at 
the grain  boundary and w ith in  the grains* The re s id u a l beta  may be 
reta in ed  or may change to  a m a r te n s it ic - lik e  form o f  alpha*
2 .2 .6 .  In p r a c t ic e , th e heat treatm ent o f  a lpha-beta  a llo y s  i s  seldom  
performed apart from annealing to  r e l ie v e  s tr e s s e s  and to  form sm all 
rounded is la n d s  o f  beta* Heating above the b eta  transform ation tempera­
tu re  o ften  r e s u lt s  in  lo s s  in  d u c t i l i t y  and an un desirable alpha * beta  
'Widmanstatten structure* Good p ro p erties  are obtained by forg in g  the  
m ateria l in  th e  temperature range in  which f in e  alpha sep arates from beta© ?
2 ,2 .7 e A llo y in g  elem ents are Important s in ce  th ey  a f fe c t  the alpha -  b eta  
change p o in t and o ften  favour one or other o f  th e  two s tr u c tu r es , or are  
neutral* Aluminium, fo r  example, s t a b i l i s e s  the alpha s tr u c tu re , by- 
r a is in g  th e  temperature o f  a lpha-beta transform ation (c o n s t itu t io n a l  
diagram Fig*$G). U nlike s t e e l ,  th e  martens i t  e formed i s  not hard and 5
i s  o f  l i t t l e  p r a c t ic a l value because th e  so lu te  i s  su b s t itu t io n a l in stea d  
o f i n t e r s t i t i a l  (a s  carbon in  s t e e l s )  and fa r  l e s s  d is to r t io n  i s  produced© 
Aluminium lias two outstanding advantages, f i r s t l y  i t  i s  cheap and r e a d ily  
a v a ila b le , and secondly i t s  atomic w eight i s  appreciably l e s s  than th a t  
o f titanium  and hence aluminium ad d ition s w i l l  decrease th e  o v e r a ll  d en sity  
and thus in crease  th e  stren gth  to  w eight ratio*  J a ffee  e t  a l  (187) have 
reported th at th e  ad d ition  o f  aluminium to  titanium  produces a rap id  
'increase in  t e n s i le  stren gth , e sp e c ia lly  i f  th e  amount o f  aluminium i s  
greater than l$> wt w h ils t  a u c t i l i t y  reaches a minimum value o f
2 .2*8 . Vanadium, on the other hand., lowers the transform ation temperature 
making beta  s ta b le  at lower temperatures (C o n stitu tio n a l diagram, F ig .^ ) *  
The r e la t iv e  amounts o f  alpha) and b e ta  s t a b i l i s e r s  in  the a l lo y  and the  
heat treatm ent, determine whether the m icro-stru cture i s  predominantly 
s in g le  phase alpha, a mixture o f  alphs. and beta  phases, or s in g le  phase 
beta  over i t s  u se fu l temperature range©
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2,3.. Deformation Mechanism in  Titanium.
2.3*1» Titanium deforms at room temperature both by s l i p  and by twinning* 
S lip  normally occurs in  m etals on th e  plane o f  g rea tes t atomic d en sity  
and w idest in terp lan er spacing. In hexagonal m etals having an a x ia l  
r a t io  greater than that fo r  id e a l close-pack ing  ( i . e .  Zn 1 .8 5 6 , Cd 1 .8 8 6 ) ,  
th is  plane i s  th e b asa l p lan e. The id e a l value o f  a x ia l r a t io  i s  1*633*
In titanium  7/hich has an a x ia l r a t io  (1 .587 ) appreciably sm aller than the  
id e a l va lu e , the basal plane i s  n e ith er  so  c lo s e ly  packed nor so w id ely  
spaced as in  z inc and cadmium and th erefo re  other s l i p  systems operate  
as y/ell* The greater part o f th e  s l i p  observed occurs on the {lOiO} plane  
in  th e {1120} d ir e c t io n . S lip  on the {1011{ p lanes a lso  occurs in  the 
{1120} d ir e c tio n  but t h is  i s  l e s s  im portant. R o si, Dube and Alexander (140) 
observed th at in  coarse grained specimens o f  commercial titanium  s l ip  
occurred only  when a l l  th ree {1010} systems were operative®
2.3*2® Kink bands have been observed (141* 143) in  titanium  during basal 
or {lO lO } s l ip  w ith  the bend plane { l 120} at r ig h t angles to  the operative  
s l i p  d ir e c tio n . These bands have the same cry sta llo g ra p h ic  geometry as 
th ose observed in  aluminium and a number o f  other hexagonal m etals*
2.3*3* Rosi and co-workers have found th a t th e tw inning occurs in  
titanium  as a r e s u lt  o f room temperature deform ation, the tw in planes  
being {1012}, {1121}, {1122}, {1123} and {1124} .  Anderson and J i l l s o n  
( m )  have confirmed the fin d in g s o f  R osi and h is  co-workers. They have 
esta b lish ed  a r e la t io n sh ip  fo r  the deformation mode in  terms o f  th e  i n i t i a l  
o r ien ta tio n  in  the fo lloy/ing  manner:- for o r ien ta tio n s in  which the angle  
between th e  basal plane and the ten sio n  a x is  i s  about 40°  or l e s s ,  p rism atic  
s l ip  occurs; fo r  angles between 40°  and 60° ,  b a sa l s l i p  occurs but i s  
replaced by {1 121} twinning v/hen r e s tr a in ts  such as grip s or gra in  bound­
a r ie s  are present; fo r  compression {1121} tw inning g iv es  way to  {1122}« 
Above 60°, {1121} and {1012,} twinning occurs and a t 75° twinning on {1012}  
i s  apparently th e only mechanism. Rosi and h is  co-workers have shown how 
s l ip  can be considered in  terms o f  corrugated s l i p  p lan es.
2.3*4* Churchman (134) has stud ied  the form ation and removal o f  tw ins in  
grains o f  Ct* titanium  deformed by bending. On bending a c r y s ta l 2 mm th ic k  
t o  a radius o f 110 mm, {1012} twinning was observed to  form on the compres­
s iv e  s id e  o f the neutral a x is . Further bending caused th ese  tw ins to  
in crease  both in  length  and breadth and to  assume th e  c h a r a c te r is t ic  
le n t ic u la r  form. On bending the specimen in  the op p osite  sense so th a t
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i t  again became f l a t ,  th e  tw ins almost disappeared. Traces o f  the  
tv/ins remained, however, forming n u c le i , which were capable o f  grafting 
again immediately the c r y s ta l was rebent in  the o r ig in a l sen se . Churchman 
found th at i f  th is  la s t  bending process is  continued, the tw ins even tu a lly  
meet and form a continuously  twinned area , a f te r  which unbending the  
specimen lea v es  an in creased  number o f  tw in tr a c e s , inclu d ing those  
already p resen t before severe bending. Tv/in boundary m igration during 
growth and absorption occurred on each fa ce  o f the twins but not n eces­
s a r i ly  at the same ra te  on each s id e , and not always' continuously . This 
type o f  behaviour stron g ly  supports th e  view  th at a twin boundary c o n s is ts  
o f  an ordered array o f  d is lo c a tio n s  and that in  titan ium , un like iro n , 
the stack ing fa u lts  so introduced in to  th e  l a t t i c e  by th e movements o f  
twinning d is lo c a tio n s  are o f  low energy. The fa c t th at a greater s tr e s s  
i s  required  to  in i t i a t e  a tw in than to  in crease  i t s  s iz e  a f te r  form ation  
i s  in  accordance w ith  th e  theory o f  m echanical tw inning o f  C o t tr e l l  and 
B ilb y  (1 4 5 ).
2*3*5* Partridge (155) has stu d ied  th e  mode o f  deformation in  c lo se  packed 
hexagonal m etals includ ing  titanium  a f te r  t e n s i le  deforming, u sin g  the  
transm ission  e lec tro n  m icroscopic technique. At low  s tr a in  o f  -3% he found 
th at deformation varied  g rea tly  in  d if fe r e n t  gra in s. The examination  
in d ica ted  that th e  d is lo c a tio n s  m ostly la y  in  th e ir  s l i p  p lanes and 
appeared as long screws in  b a sa l plane f o i l s .  Small loops and jogs were 4 
freq u ently  a sso c ia ted  w ith  th ese  screws. S im ilar observations have been 
observed in  s in g le  c r y s ta ls  (1 99)* A fter 10% s tr a in , the in te r a c tio n  
between s l ip  and twinning was reported^ and : • :  '! r% r * - := * s
A fter  15% s tr a in , tha d is lo c a tio n  d en sity  .was much greater w ith  a 
la r g e  number o f  d ip o les  and sev ere ly  jogged d is lo ca tio n s*  A fter  15% 
s tr a in , th e f i r s t  evidence o f  su b -structu re form ation was apparent as long  
lev/ angle boundaries p a r a lle l  to  the tra ces  o f  the predominant prism s l i p  
p lan es. A fter  25% s tr a in , w e ll developed polygon ised  stru ctu re  was 
observed. Partridge a ls o  found two types o f  tw ins i . e .  {1012} and { H 2 l} ; 
{1012}- being wide and le n t ic u la r  w h ils t  {1121} formed narrow in te r se c t in g  
lam allae. Some grains contained ex ten sive  twinning a fte r  10% s tr a in  and i t  
became d i f f i c u l t  to  id e n t ify  tw ins from th e  transm ission  e lec tro n  microscopy, 
Therefore Partridge developed the use o f  stereograp hic p ro jec tio n  fo r  
id e n t ify in g  twins from e lec tro n  d if fr a c t io n  p a ttern s. Partridge a ls o  found 
stack in g  fa u lts  w ith in  the tv/ins. Partridge and P ee l (200) w h ils t  studying  
the e f f e c t  o f c y c l ic  s tr a in  on commercially pure titanium  have shown th at 
in  c y c l ic  s tr a in , fa t ig u e  cracks nu cleate  at the tv/in boundaries.
2 .3 .6 .  Gass (201) observed <2 C + a >  s l i p  in  deformed poly  c r y s ta ll in e  
titanium . Partridge has argued th at twin formation and perhaps sane 
in ter a c tio n  between s l i p  and tw in could g ive  r is e  to  <  C + a >  s l ip  
and i f  so then <  C .+ a >  could be a sso c ia ted  w ith  tw in s. C ass, however, 
did  not observe th is  during h is  experim ental observations. G enerally  
the problem o f  r e la t iv e  s ig n if ic a n c e  o f s l i p  and twinning i s  not c le a r .  
R eed-H ill e t a l  (202) have shown th at { 012} tw ins can be a ttr ib u te d  to  
the d u c t i l i ty  o f  both titanium  and zirconium. They a lso  observed that 
the macroscopic geometry o f  deformation o f  a t e n s i le  specimen, w ith base.! 
planes approximately p a r a lle l  to  the r o l l in g  d ir e c t io n , d if f e r s  markedly 
depending on the extent o f tw in form ation. T his could be a ttr ib u ted  to  
th e  onset o f <  C + a >  s l i p ,  t o  tv/in form ation or to  new s l i p  d irec tio n s  
in  the. twinned m ateria l.
2 .3 .7*  K eeler and G eis ler  (203) have stu d ied  th e  p referred  o r ie n ta tio n  
in  r o lle d  and annealed titanium  by the Geiger counter spectrom eter X-ray 
d if fr a c t io n  technique and concluded th at there were f iv e  annealing tex tu res  
depending upon the annealing temperature. Dillam ore and Roberts (204) in  
th e ir  review  a r t ic le  on "preferred o r ien ta tio n  in  wrought and annealed  
metals" have d iscussed  the deformation te x tu r e , th eo r ie s  o f  tex tu re  
development and the th eo r ie s  o f  the form ation o f  r e c r y s ta l l is a t io n  
tex tu re  in  c lo se  packed hexagonal m etals including titan ium .
2 .3*8 . In d u str ia l Deformation P rocesses J
2.3*8*1. The p la s t ic  flow  c h a r a c te r is t ic s  o f  th e  m ateria ls when bent in  a 
bending j i g ,  and when shot peened, turned, ground, e t c . , are d if fe r e n t .
On e ith e r  s id e  of a bent beam, the outer f ib r e s  are s tr e s se d  predominantly 
in  the one d ir e c t io n , namely, p a r a lle l  to  the neutral a x is . I f  the beam 
i s  bent p la s t ic a l ly  and khen unloaded, the spring back o f  the e la s t i c a l ly  
stra in ed  in te r io r  throws th e  s id e  which was in  ten s io n  during bending in to  
compression, whereas in  shot peened m ateria ls the flow  occurs in  many 
d irectio n s  at. once.
'2,3*8.2© Bending, u n ia x ia l ten sio n , e t c .  produce s tr e s se s  which vary through 
the se c t io n  o f  a component, w h ils t  shot peening, grinding, tu rn in g , m il l in g ,  
e tc . produce e f f e c t s  which are confined to the surface reg io n s. In t h i s  
in v e s t ig a tio n , an attempt Has been made to  study the e f f e c t s  o f  th ese  two 
modes o f  deformation. The tvro p ro cesses , i . e .  shot peening and grinding  
are b r ie f ly  reviewed in  the fo llow in g  sub-paragraphs:
Page 22.
2.3®9..'-Shot Peening.
2*3,9*1 • Shot peening i s  the process of work hardening a m etal surface by 
bombardment vrith h ig h -v e lo c ity  hardened s t e e l  b a l l s  or sh o t, thus leav in g
the surface covered w ith overlapping shallow  in d en ta tio n s. The p la s t ic
i
deformation and work hardening o f  the shot peened. su rfaces lea v es  the  
surface la y ers  in  a s ta te  o f  r es id u a l compressive s tress*  The depth o f  
penetration  o f th is  s tr e s s  f i e ld  depends on the in te n s ity  o f th e  peening  
operation . Below the compressive s ta te  in  the m etal su r fa ce , a balancing  
resid u a l t e n s i le  s tr e s s  f i e l d  i s  p resen t.
2 * 3 ,9 .2 . The res id u a l s tr e s se s  induced depend upon the co n tro l o f th e  
fo llow in g  v a r ia b le s : -
i )  M aterial and shape o f th e  part being peened.
i i )  M aterial and s iz e  o f th e  sh o t,
i i i )  The v e lo c ity  and angle o f  impingement o f th e shot*
iv )  The in terferen ce  o f th e  shot in  th e  shot stream w ith rebounding sh ot.
v) Quantity of shot floY/ing. ;
v i )  Time of peening.
2 .3 .9#4* The d e ta i l s  o f the equipment and operation have been summarised 
elseY/here (160, 161, 162, 163)® Almen developed a convenient t e s t  which 
i s  w idely accepted as a guide for sp ec ify in g  and c o n tr o llin g  peening  
in te n s ity  (160 , 161, 1 6 2 ,-1 63)• Horger and N e ife r t  ( 164) suggested  th a t  
th e impact pressure o f  a s in g le  sh o t, c a lcu la ted  from Herz th e o iy , might 
serve as an index o f  shot peening in te n s ity . They recogn ised , however, 
th e problem involved  in  determining the actu a l shot v e lo c i ty  and th at 
coverage i s  an important fa ctor  not recognised  by th is  index. The more 
important fa c to rs  to  be considered in  s e le c t in g  shot peening con d ition s  
have been stu d ied  by severa l in v e s tig a to r s  ( 160, 161, 162, 163, 166, 167, 
168, 169, 170) but the la rg e  number o f  v a r ia b les  in vo lved  make i t  
advisab le to  check each nevr peening operation experim entally . S everal 
in v e s tig a to r s  have measured the resid u a l s tr e s s e s  induced by shot peening
(171, 172, 173, 174) .  ‘
2 .3 .9 .5 .  Evans and M illan (26) have stu d ied  th e  e f f e c t  o f  m icro -stra in  and 
c r y s t a l l i t e  s iz e  on th e fa t ig u e  p rop erties o f s t e e l  at various hardness 
l e v e l s .  Changes in  th ese q u a n tit ie s  v/ere produced by shot peening. They 
concluded th a t a t 50 Rq the increase in  fa tig u e  l im it  v/as m ainly due t o  
high induced compressive macro resid u a l s tr e s se s  v /nile at low hardness 
le v e ls  the fa tig u e  lim it  o f  s t e e l  was enhanced by la rg e  changes in  m icro­
s tr a in  and p a r t ic le  size*
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2.3 .10*  Grinding.
2*3o10o1« R esidual s tr e s se s  introduced by grinding operations may vary w idely  
in  magnitude and sign® G enerally i t  has been shown that th e  fo llow in g  
v a r ia b le s  a f f e c t  th e nature and magnitude o f the s tr e s se s  produced in  
grinding high strength  s t e e l s : -  
i )  Wheel speed#
i i )  Grinding w heel,
i i i )  Depth per pass i . e .  down feed ,
iv ) Grinding f lu id ,
v) Wheel d ressin g .
2 .3c10#2. During grinding extreme heat can be generated at th e  work p iece  in  
contact with the grinding wheel* The heated teg io n  t r ie s  to  expand but 
i s  restra in ed  by th e surrounding co ld  metal- and thus becomes cornpressively  
s tr e s se d , r e su lt in g  in  p la s t ic  deform ation. As the momentary contact 
between th e  grinding wheel and the work p iece  term in ates, the p rev iou sly  
heated region  i s  suddenly cooled by heat d is s ip a t io n  to  th e surrounding 
m ater ia l, and con traction  occurs producing t e n s i le  s tr e s se s  depending upon 
the grinding cond ition s app lied . The main problem i s ,  th er e fo re , to  avoid  
burning o f  th e  extreme su rface. For example in  s t e e l s ,  severe h eatin g  
can be s u f f ic ie n t  to  foim a sk in  o f  a u sten ite  which subsequently transform s 
to  m artensite due to  th e s teep  temperature grad ients and rapid co o lin g  :■ 
ra te s  involved . The untempered m artensite formed w i l l  be com pressiveiy : I 
s tr e s se d  but i s  in h eren tly  b r i t t l e  and subject to  cracking# F ie ld  and 
Kahles (175) have summarised the surface in te g r ity  o f  machined and ground 
high strength  s te e ls#
I
2.3# 10*3* Follow ing the ser v ic e  fa ilu r e  o f  a major component in  BS.S28 s t e e l ,  
the author (176) in v e stig a te d  by th e X-ray back r e f le c t io n  technique the  
macro s tr e s s  d is tr ib u tio n  (su rface  and subsurface) in  specimens showing
(a ) overtempering burns,
( n  rehardening and overtempering bu m s, and 
(c ) no apparent surface defects#
The s tr e s s  d istr ib u tio n /d ep th  curve fo r  the d e fec t free  area , showed a 
compressive s tr e s s  o f  32 to n f / in  a t th e  su rface. The m ateria l was 
a ffec te d  to  a depth o f  about 0.0015 in  w ith a moderate subsurface peak 
t e n s i le  stress#  The overtempered ground region  ex h ib ited  a surface t e n s i le
o p
s tr e s s  o f  8 to n f/in ^  w ith a peak o f  23 to n f / in  a t approxim ately 0.C01 in  
below the surface. The m ateria l was a ffe c te d  to  a depth o f  0.C03 in# The 
sev erely  burnt region o f  rehardening and overtempering showred a com pressive
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2s t r e s s  o f  1 9 t o n f / i n '  a t  th e  su rfa ce  v /ith  o -s te ep  s t r e s s  g ra d ie n t g iv in g
/  2a maximum te n s i l e  s t r e s s  o f  29 t o n f / i n  su bsu rface  a t  a dep th  o f  0*0015 in .  
The t o t a l  depth  o f  a f f e c te d  m a te r ia l  was over 0.010 in .  S e v e ra l-o th e r  
in v e s t ig a to r s  ( 177 > 178* 179 , 182) have in v e s t ig a te d  th e  o r ig in  and 
measurement, o f  r e s id u a l  g r in d in g  s tre s s e s*
2.3*10«,4» G rind ing  o f  t i ta n iu m  and i t s  a llo y s  can p re se n t c e r t a in  problem s.
I t  has been shown ( l 8 o) t h a t  t i ta n iu m  a llo y s  can be ground w ith  p re c au tio n s  
and a t  low er than  normal speeds, to  g iv e  low re s id u a l  s t r e s s e s .
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2.4* Measurement of M acro-S tra in  and M icro -S tra in  by X-Ray D if f ra c t io n .. ■ I ■M M "    ....................... I' iiramwfcaiHiMiJMi-aMi i n n  i n im i,n  i
2 ,4 .1 .  T h eoretica l Background
2.4,1*14 M echanical defo rm ation  produces l a t t i c e  s t r a i n s  which may "be 
co n sid e red  to  he due t o  a  com bination o f :
(a )  M acro- o r long -range  s tra in s®  A s t r a i n  i s  produced -which i s  
uniform  over r e l a t i v e ly  la rg e  d istances®  The in te f p la n a r  sp ac in g s  change 
from t h e i r  s t r e s s - f r e e  v a lu es  to  new v a lu es  co rrespond ing  t o  th e  s t r e s s  
and th e  a p p ro p ria te  e l a s t i c  constants®
(b) M icro-strains® P la s t ic  deformation occurs g iv in g  r i s e  to  non- 
uniform v a r ia tio n s  in  the interp3.anar spacings® These are referred  to  as 
m icro -s tra in s , and can be considered as random displacem ents from th e  
o r ig in a l l a t t i c e  spacings®
2,4.1.2®  The Bragg angle fo r  the r e f le c t io n  o f  X-rays from a s e t  o f  c r y s ta l  
planes i s  s e n s it iv e  to  any fa c to r s  th at in flu en ce  th e  in terp lan ar spacing  
o f  the r e f le c t in g  planes® S in ce s tr e s se s  w ith in  the e la s t i c  range can 
a lte r  th e  in terp lanar spacin g , &, enough to  change th e angle 9 in  the Bragg 
law by a measurable amounts "the magnitude o f  the s tr a in s  th a t a lte r  the  
normal spacing o f  the p lanes can be deduced from the observed change in  
9 angles©
2*4*1®3® The X-ray determ ination o f  s tr e s s  depends upon th e  measurement 
o f  the e la s t ic  s tr a in s  in  a chosen d irec tio n  in  the a to n ic  l a t t i c e  in  
the region  concerned* These s tra in s  are then converted in to  equ ivalen t 
macroscopic s tr e s se s  by applying the theory derived  from the standard  
e la s t ic  th eory, making allowance when necessary for  th e e la s t i c  an isotropy  
in  the m ater ia l, (Greenough 1952 (10))«  The l a t t i c e  s tr e s s e s  thus d e ter ­
mined are corre la ted  w ith the s tr e s s e s  ca lcu la te d  from th e theory o f  
iso tr o p ic  e la s t ic i ty *
2*4® 1*4® To measure la t t i c e  s tr a in s , a co llim ated  X-ray beam o f  a su ita b le  
wave length  i s  used. The high Bragg angle l in e s  from a su ita b le  s e t  o f  
planes (h k l) of the specimen are recorded by the back r e f le c t io n  film  
cameras, or w ith  a d iffractom eter w ith  proportional or s c in t i l la t io n  
counters® The b a sis  o f t h is  method i s  th at i f  a c r y s ta l i s  s tr a in e d , the  
l a t t i c e  plane spacing d changes by A d  so  th at in  a Bragg r e f le c t io n  where:
• n ‘X = 2d s in  9
where X = X-ray w avelength, 9 = Bragg a n g le , n = order o f  r e f le c t io n ,  
the s tr a in  i s  g iven  b y :-
2,4*1«5« Where th e  s tr a in s  are -uniform, the change in  the p o s it io n  o f
; the r e f le c te d  r in g  i s • determined by the change A G in  G. When the  
s tr a in s  are present as m icro -s tra in s , each in d iv id u a l c r y s t a l l i t e  may 
give a d if fe re n t A 8 ,  and the r in g , in stea d  o f  being sharply r e f le c te d  
w i l l  become broadened and d iffu se d . This line-broadening i s  used to  
measure th e  m icro-strains®
2,4.1*6* There i s ,  however, one p a rticu la r  fea tu re  inherent in  th e X-ray 
technique, th at i s ,  the l a t t i c e  s tr a in  deduced from the'change in  the 
p o s it io n  o f  the peak o f the X-ray lin e  represents a value in  a given  
d ir e c tio n  fo r  only th ose grains in  the p o ly c r y sta llin e  aggregate which 
are so or ien ta ted  as to  contribute to  th e p a rticu la r  X-ray r e f le c t io n  
examined. In t h is  sen se , the X-ray technique i s  in h eren tly  s e le c t iv e ,  
and by the use o f d iffe re n t wavelength ra d ia tio n s , the l a t t i c e  s tra in s  
for various fa m ilie s  o f  p lanes in  the la t t i c e  may be determ ined. A lso , 
in  the e la s t ic a l ly  an iso trop ic  m a ter ia ls , the conversion o f  s tr a in s  in to  
the equivalent s tr e s se s  im p lies that the res id u a l s tr e s s  system is  
'e s s e n t ia l ly  uniform in  a l l  the grains irrad ia ted  in  a s in g le  phase metal, 
or constant through one phase in  a two phase m a ter ia l. I t  i s  th erefore  
necessary t o  be cautious about drawing conclusions from th ese  r e s u lt s  
as to  th e s ta te  o f the specimen as a whole* This assumption i s ,  however, 
not v a lid  i f  th e volume o f  the specimen irra d ia ted  by the X-ray beam has 
su ffered  appreciable p rior  p la s t ic  deformation. In the la t t e r  c a se , a 
complex system o f heterogeneous in tern a l s tr e s s e s  i s  generated by th e  
process o f  p la s t ic  flow* In consequence, w h ils t  the r es id u a l l a t t i c e  
s tr a in s  may be measured without am biguity, i t  i s  not p o ss ib le  to  r e la te  
th ese d ir e c t ly  to  an equivalent s tr e s s  system owing to  u n certa in ty  as to  
the causes o f th e  s tr a in  induced by p la s t ic  flow . Although sev era l  
p o ss ib le  explanations have been advanced over the l a s t  20 to  30 y ea rs , 
no c learcu t concept has yet emerged as to  the predominant operative  
p ro cesses .
2.4*1 *7® The X-ray d i f f r a c t io n  tech n iq u e  i s  a n o n -d e s tru c tiv e  method fo r  
ev a lu a tin g  su rfa c e  s t r e s s e s  in  bod ies o f com plicated  shap es . D uring th e  
l a s t  30-40 y ea rs  v a rio u s  papers on th e  s u b je c t  have been p u b lish e d . In  
1929 Ales enow (28) d iscu ssed  th e  th e o iy  o f X -ray measurement o f  s t r e s s e s .  
In 1934/36 B a r re t t  (29 -  30) gave a com prehensive rev iew  o f  th e o ry  and 
p r a c t ic e ,  A d e s c r ip t io n  o f th e  p r a c t ic a l  a p p l ic a t io n  to  th e  problem  was 
by Thomas ( 6 ) who ..worked on s t e e l s  and by Frommer and Lloyd ( j )  w orking 
on aluminium.
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2 .4 .1 .8 ,  Sachs and Weerts (31) described a method for  determ ining the
sum o f  p r in c ip a l s tr e s se s  in  the plane o f  a surface by X-ray analysis*
They used the s in g le  exposure technique; in  th is  method, two photographs 
are taken, one in  the u n stressed  condition  and the other in  the s tr e sse d  
con d ition , Norton and Rosenthal (32) and many others have described the  
d e ta i l s  of the two-exposure' technique. The d if fr a c te d  ray forms a 
c ircu la r  r ing  in  the film  whose diameter i s  a function  o f  the fi3m to  
specimen d ista n ce . This dimension i s  convenieyritly measured by coatin g  
■the specimen w ith the powder o f a pure m etal c f  known d if fr a c t io n  an g le , 
thereby obtain ing a reference c ir c le  on the film#
2 .4 .1 .9 ,  Newton and Vacher (33) expressed th e ppinion that th e two-exposure
method i s  p referab le  to  th e  s in g le  exposure method fo r  the fo llow in g  
reasons
( i )  the change in  observed data between normal and in c lin ed  exposure 
i s  greater tha". the change to  be d etected  in  th e s in g le  exposure ■ 
comparison,
( i i )  no assumption o f  eq u a lity  in  determining the s tr e s s  fa c to r  between 
a s tr e sse d  and u n stressed  specimen i s  necessary,
2 .4 .1 .1 0 , R ecently Norton (34-) has ou tlin ed  the p r a c tic a l advantages o f  the 
s in g le  exposure technique over th e ty/o-exposure technique fo r  many routine  
a p p lica tio n s ,
2 ,4 ,1*11 , The two-exposure back r e f le c t io n  technique employed by various
in v estig a to r  su ffered  from th e disadvantage that only two experim ental
p o in ts  were used to  determine the slope o f  th e l in e .  These p o in ts  were
subject to  considerable s c a t te r  due to  inherent m ateria l inhom ogenieties.
\
inaccurate alignment o f the camera, e tc . In order to  obtain  a b e tte r  
estim ate o f  th e parameters, Hawkes (7) developed a m ulti-exposure  
technique, w ith graphical so lu tio n s  and app lied  i t  su c c e s s fu lly  to  the 
s tr e s s  a n a ly s is  o f  aluminium a llo y s  and m arten sitic  s t e e l s .  L ater Moore
(8) app lied  th is  technique to  determine the surface s tr e s s e s  in  a u s te n it ic  
s t e e l s .
2.4*1 *12e The b a sis  o f  the a n a ly t ic a l procedure fo r  s tr e s s  measurement by 
the m ulti-exposure X-ray back r e f le c t io n  technique w ith  graphical so lu ­
tio n s  i s  recap itu la ted  in  Appendix 2.
2 .4*1 .13 , Although the back r e f le c t io n  technique has been used fo r  many
yea rs , an in te r e s t  was in i t ia te d  by the d iscovery  that w ith a d if fr a c to ­
meter technique i t  i s  p o ss ib le  t o  measure s tr e s se s  in  h igh  hardness s t e e l s .
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The accuracy w ith which the s h i f t  in  th e Bragg angle G can he measured 
from the X-ray photographs, and hence the degree o f accuracy t o  which 
the s tr e s s  can be determined, depends upon the in te n s ity  and sharpness 
o f th e  d if fr a c t io n  l in e .  However, sev ere ly  co ld  worked, quenched and 
tempered s t e e l s  g ive broad and d iffu se d  l in e s ,
2 .4 .1 .1 4 *  Recent developments in  the measurement o f  r e s id u a l s tr e s s e s  have 
m ostly been in  th e use o f  d iffractom eters to  determ ine. the p o s it io n  o f  
peak in te n s ity  in  a broad d if fr a c t io n  lin e*  In ""this techn iq ue, th e  
d if fr a c t io n  pattern  i s  d etected  by an electron ic , counting d ev ice  in  
step -b y -step  samples (35) in stead  o f  from a 'film  (1 9 , 36)* The approx­
imate peak p o s it io n  i s  found from the counts,^and then at th ree  p o in ts  
strad d lin g  th e  peak, the X-ray in t e n s i t ie s  are found w ith  h igh  p r e c is io n , 
The in te n s ity  va lu es so recorded are corrected  for the Lorentz and 
p o la r isa tio n  fa c to rs  and fo r  absorption e f f e c t s  (37)> they are then fed  
in to  a formula to  y ie ld  th e  a x is  p o s it io n  o f  a parabola that p asses  
through the three given p o in ts  (38)* A rep ro d u c ib ility  o f  the peak 
p o s it io n  to  0 .02° or b e tter  has been reported using t h is  technique (3 5 ) . 
During th e  past 5-8  yea rs , numerous papers have been published (2 7 , 189-197) 
concerning the w ider use o f  d iffractcm eters fo r  measuring r e s id u a l s tr e s s e s  
. in  d if fe r e n t m ater ia ls ,
2 .4 ,1 « 15« The methods h ith erto  d iscu ssed  measured the surface s t r e s s  system  
at a p a rticu la r  point only; recen tly  Bainbridge (40) has described  a new 
. technique for measuring e la s t ic  s tr a in  in  the in te r io r  of c r y s ta ll in e  
m ateria ls by means o f  X-ray d if fr a c t io n . Working on s in g le  c r y s ta ls  o f  
LiF, w ith  Mo K Ct ra d ia tio n , Bainbridge ( 40) has demonstrated th a t the  
new technique can permit 1 complete eva luation  o f  a t r i - a x ia l  s ta te  o f  
s tr e s s  to  a cer ta in  depth in  the in te r io r  o f  the c r y s ta ll in e  m a ter ia l.
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; 2 .4 .2 .  E ffe c t o f .Beam P enetration
2 .4 .2 .1 .  In  s tr e s s  a n a ly s is  by X -rays, choice o f ra d ia tio n  and surface
preparation are very important fa c to rs  p a r tic u la r ly  where a s teep
i
gradient i s  in volved . A method for  determ ining the p enetration  
X -rad iation  i s  given in  Appendix 1«
2 .4 .2 .2 .  The p enetration  o f  th e  X-ray beam beneath th e  metal surface i s  
very shallow . In specimens that have steep  s tr e s s  gradients as produced 
by grinding and honing, X-rays’ provide only a measure o f th e average 
s tr e s s  over th e  depth o f  pen etration  rather than th e true v a lu e . The 
shallow  pen etration  o f  X-rays requires that proper a tten tio n  should be 
given to  the preparation o f the su rface. Hauk (149) using an arb itrary
surface p enetration  measured th e s tr e s s e s  in  a bent beam w ith Co Kci afici
CrKa ra d ia tio n s. His s tr e s s  measurements w ith  Cr Xtf ra d ia tio n  were about 
yjfo lov/er than w ith the Co Ivor, ra d ia tio n . He in terp reted  h is  r e s u lt s  in  
terms o f the d ifferen ce  in  penetratin g  power o f the two ra d ia tio n s in  
th at the Cr Kct ra d ia tion  has a longer wave length  than th a t o f  Co Kcl 
ra d ia tio n  and hence the depth o f p en etration  i s  about h a lf  th a t w ith
Co KCt ra d ia tio n . The Fe Ka ra d ia tion  w ith  p enetratin g  power interm ediate  
between Cr Hot. and Co Kct ra d ia tio n s gave interm ediate values '-atey).
2 .4 .2 .3 .  Glocker and Hasenmeier (33) examined p la s t ic a l ly  deformed m ild  
s t e e l  specim ens, w hile  the deforming load was being app lied  and shov/ed
th at the s tr e s se s  determined using  Co KChand Cr K<2 ra d ia tion s were d if fe r e n t .  
They a ttr ib u ted  the d ifferen ce  to  th e  p en etra tiv e  power o f  the ra d ia tio n s  
and a ls o  concluded th a t surface la y ers  had a lower s tr e s s  than th e in t e r io r .  
Weaver and Muller (15) have shown th at machined surfaces may con ta in  
s tr e s s e s  th a t d if fe r  by 60,000 lb f /in ^  ( 26 ,8  to n f/in ^ ) from the s tr e s s e s  
in  th e underlying layers u n less  the d isturbed la y er  i s  removed by chemical 
or e le c t r o ly t ic  means. V oigt (16) observed th a t even g en tly  abrading a 
hard s t e e l  surface w ith  f in e  emery by hand induced a com pressive s tr e s s  
o f more than 30,000 lb f /in ^  (2 2 .3  to n f/in ^ ) . Letner ( 63) has shown th at 
grinding destroys the s tr e s s  pattern  present and imposes a. new one 
c h a r a c te r is t ic  o f  the grinding technique used. K oisten and Marburger (19) 
have shoY/n th at ordinary m etallographic p o lish in g  induces s t r e s s .  O g ilv ie  
( 17) found th a t i t  was p o ss ib le  to  remove surface la y ers  by a c id  e tch in g  
w h ile  L ih l ('18). reported th at compressive s tr e s s e s  were induced during 
etch in g . The fin d in gs o f  O g ilv ie  Y/ere however confirmed by Garrod and 
Hawkes (121) in  that s tr e s s  measurement, by the m ulti-exposure X-ray back 
r e f le c t io n  technique, on an annealed s t e e l  specimen thinned p ro g ress iv e ly  
by e lectrop olish in g^ gave no evidence o f  res id u a l s t r e s s e s .
2.4* 2,4* Hawkes (7 ) has recommended th at p o lish in g  aluminium a llo y  w ith
0000 emery + a 2-minutes mixed a c id , or an e le c tr o ly t ic  e tch , or even 
sim ple mechanical preparation , has l i t t l e  e f f e c t  on the X-ray s tr e s s
measurement, ■ ■ 7
/
2,4*2,5* At the very surface o f a specimen subjected  to  a m u lti-
a x ia l res id u a l s tr e s s e s ,  th e  normal s tr e s s  component i s  zero . The 
assumption u su a lly  made i s  th at the s tr e s s  component perpendicular t o  
the surface does not in flu en ce  the X-ray s tresr  determ ination because 
o f the sm all depth o f  e f f e c t iv e  p enetration  o f  X-rays in to  th e  m e ta llic  
specimens* That i s  indeed th e  case v/ith many problems. In other c a se s ,  
vhere large s tr e s s  gradients e x is t  near the su rface  o f  the specim ens, th e  
th ird  s tr e s s  component may have to  be taken in to  con sid eration . Standard 
methods have been developed to  evaluate th is  influence* (1^1 -  153) *
2*4*2®6e The surface treatment o f titanium  p rior  to  s tr e s s  measurement was
th erefo re  considered important because titanium  has a s tr o n g ;a f f in i t y  fo r  
oxygen and a th in  oxide film  could a f fe c t  the s tr e s s  analysis*  In view of. 
th e  fa c t  th a t th e  beam p en etration  in to  th e  m etal surface i s  very shallov/, 
choice o f su ita b le  ra d ia tio n  w ith an appropriate wave length  .is  considered  
important in  the s tr e s s  a n a lysis  o f  titanium*
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2 t|,.( 3P epth  o f  S tressed  Layer
2*4*3*1 * The p o s s ib i l i t y  th a t macroscopic s tr e s s e s  in  th e  su rface  layers  
o f  p la s t ic a l ly  deformed specimens balanced by op p osite  s tr e s s e s  in  the  
in te r io r  were resp on sib le  fo r  th e observed r es id u a l l a t t i c e  s tr a in s  has 
been examined by many in v estig a to rs*  The changes in  r es id u a l l a t t i c e  
s tr a in s  a t normal incidence to  the X-ray beam as the, specimens were 
etched away p ro g ressiv e ly  have been observed*
2, 4 *3* 2* B o llen rath , Hauk and Oswald. (57) using the X-ray d if fr a c t io n
technique have shown that the r es id u a l l a t t i c e  s tra in s  in  a p la s t ic a l ly  
extended m ild s t e e l  decreased as the specimen became thinner* Smith and 
Wood (73) performed an analogous experiment andL showed th at the observed  
r es id u a l l a t t i c e  s tr a in s  remained approxim ately constant at su rfaces  
exposed by etching* Greenough reported sim ila r  experiments on w ires and 
th ese  a ls o  showed an approximately constant s tr a in  in  th e  surface exposed 
by etch in g , Davidenkov and Timofeeva ( 89) made mechanical s tr a in  measure­
ments on a p la s t ic a l ly  deformed aluminium sheet as th e  surface la y ers  were 
etched* H oller  and N e er fie ld  (12) performed a s im ila r  experiment on 
p la s t ic a l ly  extended m ild s t e e l  bars* Both concluded th at there was no 
appreciable surface layer  contain ing  macroscopic s tr e s s e s  d if fe r in g  fron  
th ese  in  the in te r io r ,
2*4*3*3* Garrod and Hawkes ( 121) using  X-ray d if fr a c t io n  techniques have shown 
, that fo r  s t e e l  the s tr a in  decreased as su ccessiv e  surface la y e rs  were 
removed and tended to  approach constancy a f te r  a few thousandths o f  an 
inch had been removed from each face o f  the specimen* However, in  iron  
the s tr e s se s  were lower than th ose  in  s t e e l ,  but v/ere s t i l l  s ig n if ic a n t  
fo r  310 r e f le c t io n  even a fte r  ,012 in  had been etched away. S im ilar  r e s u lt s  
were obtained by Kar&shima, Kojima and Fujiwara ( 122) for  e le c t r o ly t ic  iron* 
Donochie and Norton ( 87) found th a t fo r  Armco iro n  the s tr a in  d id  not a l t e r  
with depth,
2,4«3*4* In conclusion  i t  could be in ferred  th at surface macroscopic s tr e s s e s  
might p lay sane part in  producing res id u a l l a t t i c e  s tr a in s  and apparently  
; d if fe re n t mechanisms would seem to  be operating fo r  the com m ercially pure 
m ater ia ls  (armco iro n , e le c tr o ly t ic  iron) and th e heterogeneous m ater ia ls  
( s t e e l s ) ,
2,4*3*5* Y/hen s tr e sse d  surface la yers are removed s u c c e s s iv e ly , the measured 
s tr e s se s  belov/ th e  surface nip.st be corrected  by an amount prop ortion al to  
the re la x a tio n  created  by the removed layers* This means th at a l l  the  
determ inations except th e i n i t i a l  value a t th e surface must be corrected  
in  order to  obtain the true s tr e s s  e x is t in g  before th e  la y ers  were removed* 
These correction s have been determined from the theory o f  e la s t i c i t y  by 
Moore and Evans (123).
2 .5 .  Measurement c f  L a t t ic e  S tr a in  in  jyVgj e r i a l s  Loaded E l a s t i c a l l y .
2/5.1* In the past much work has been done to  e s ta b lish  the fu n ction  
connecting the su rface  l a t t i c e  s tr a in  and the app lied  macroscopic 
s tr e s se s  (1 0 ) . Using X-ray raeasurenent many authors (58-61 , 64 , 65) 
found a s t r i c t ly  lin e a r  r e la t io n sh ip  between both q u a n tit ie s  up to  the  
y ie ld  p o in t o f  the in v e s tig a te d  m a ter ia ls . Others (53) have shown d ev ia tio n  
from Hooke's law prior to  macroscopic y ie ld in g  o f the t e n s i le  specimen.
Most X-ray d if fr a c t io n  work which has been performed on e la s t i c a l ly  
s tra in ed  aggregates, has been concerned w ith  the measurement o f  th e  
X-ray d if fr a c t io n  lin e  peak as the s tr e s s  app lied  to  th e aggregate has 
changed. The in v e s t ig a tio n  o f  the l a t t i c e  s tr a in s  in  e la s t i c a l ly  s tra in ed  
aggregates n e c e s s ita te s  th e  examination o f specimens under s t r e s s .  Normally 
a case o f  simple u n ia x ia l ten s io n  has been in v e s t ig a te d , the t e n s i l e  s tr e s s  
being app lied  e ith er  d ir e c t ly  or by using a bent s t r ip ,  but experiments 
u sing  to r s io n a l s tr e s s e s  have a lso  been reported. P r a c tic a l in te r e s t  l i e s  
in  th e  a p p lica tio n  o f X-ray measurements to  locked up body s tr e s se s  in  
fa b rica ted  m etal components. T heoretica l in te r e s t  l i e s  in  th e  l ig h t  they  
shed on th e e la s t ic  behaviour o f  an aggregate o f  c r y s ta ls ,  each o f  which 
i s  a n iso tro p ic .
2 .5 .2 *  Since the c r y s t a l l i t e s  contribu ting  to  a given poin t on th e  Debye-  
Scherrer ring  may have any o r ie n ta tio n , i t  i s  evident th at in  a s tr e s se d  •
aggregate th e  c r y s ta ls  w i l l  exh ib it d if fe r e n t  amounts o f  s tr a in . In 1
ad d itio n , whereas the th e o r e t ic a l s tr a in  ca lcu la ted  fo r  a c r y s ta l  o f  a 
p a rticu la r  o r ien ta tio n  ap p lies to  the average grain  o f  that o r ien ta tio n  
surrounded by average neighbours, the s tr a in  in  any in d iv id u a l c r y s ta l  
w i l l  be in fluenced  by i t s  p a rticu la r  neighbour, and d if fe h  somewhat from 
the th e o r e t ic a l va lue. For both th ese  reasons, o f  which the f i r s t  may be 
more im portant, i t  i s  expected th a t X-ray d if fr a c t io n  l in e s  w i l l  broaden 
as th e  s tr e s s  app lied  to  an aggregate i s  increased . There may, o f  course,
be ad d ition a l causes o f l in e  broadening.
2 .5 .3*  No experim ental work has been ca rr ied  out to  co rre la te  th e p o ss ib le  
l in e  broadening v/ith the th e o r e t ic a l treatm ent o f the e la s t i c a l ly  s tra in ed  
aggregates. During the course o f  a q u an tita tive  in v e s t ig a t io n  o f  the l in e  
broadening caused by s tr e s se s  applied  to  the aggregates, Y/eaver and P farr  
(41) made some observations on e la s t i c a l ly  s tr e sse d  specim ens. They con­
cluded that any l in e  broadening which did occur was too  sm all to  be d e tec ted  
by th e ir  measurement. Smith and Wood ( 42) , during th e ir  experim ents on 
copper, made q u a lita t iv e  observations on the l in e  broadening and c a lcu la ted  
th at i t  was sm all when th e ir  specimens were e la s t i c a l ly  deformed. G enerally ,
Page 33
the evidence a v a ila b le  in d ica te s  that th ere i s  probably a cer ta in  amount 
o f  l in e  broadening in  the e la s t i c a l ly  stra in ed  aggregates but th at i t  i s  
sm all. I t  does not seem l ik e ly  that present experim ental methods o f  
determining l in e  broadening w i l l  be able to  g iv e  r e s u lt s  o f  s u f f ic ie n t  
accuracy to  be compared w ith any th e o r e t ic a l v a lu e s /  Stack ing fa u lts  
a lso  cause peak s h i f t s  as w e ll  as broadening o f pedks in  m ateria ls  o f  
r e la t iv e ly  low stacking fa u lt  energy*
2 .5 .4 .  Young's modulus and P o isso n 's  r a t io ,  whicli en ter in to  the s t r e s s  
a n a ly s is , are th e  fundamental p rop erties o f the. m ateria ls being examined. 
The bulk values of th ese  constants are rea d ily  a v a ila b le  for  most p o ly ­
c r y s ta ll in e  m a ter ia ls , but the use o f  bulk values in  the computation o f  
s tr e s se s  by X-ray measurement i s  open to  c r it ic ism .
2 .5 .5 . e l& stic  constants th a t are measured m echanically do not
n e c e ssa r ily  apply accu rately  to  X-ray determ ination o f s t r e s s .  Each 
grain  i s  an iso trop ic  and the s tr e s s  i s  measured along a c er ta in  c r y s ta l io -  
graphic d ir e c tio n . Therefore th e  grains th at r e f le c t  have on ly  c er ta in  
o r ien ta tio n s w ith resp ect to  th e axes o f the s tr e s s  and the e f f e c t iv e  
valu es o f Young's modulus E and P o isso n 's  r a t io  V w i l l  d i f f e r  from those  
o f  o v e r a ll average o r ie n ta tio n s , as being measured in  a m echanical t e s t .  
The e f fe c t iv e  values o f  E and v are a ls o  in fluenced  by grain  boundary 
in ter a c tio n s  in  a p o ly c r y sta llin e  mass. Obviously the X-ray 'determination  
o f  E and V i s  d es ira b le  and should preferab ly  be determined fo r  th e  p a r t i­
cu lar condition  under which th ese  are t o  be used because th ese  con stan ts  
depend upon in d ices  o f th e  r e f le c t in g  p lan e, X-ray wave length  used , and 
probably on grain  s iz e  and other m icro-stru ctu ra l v a r ia b le s .
I
2.5.6* Greenough (10) ha^ shown th at i t  i s  p o ss ib le  to  co rre la te  E and v 
with some values calculated, from a knowledge o f s in g le  c r y s ta l e la s t i c  
con sta n ts , but the fundamental d i f f i c u l t y  which must be overcane in  the  
ca lcu la tio n s  i s  to  a llow  fo r  th e in te r a c tio n  o f  one c r y s ta l  on i t s  neigh­
bour during deformation. I t  i s  not p o ss ib le  for  both the s tr e s s  and 
s tr a in  to  be continuous across the boundary o f  contact between two a n iso ­
tro p ic  c r y s ta ls  o f d if fe r e n t o r ien ta tio n  and some assumptions have to  be
made in  th e  ca lcu la tio n s  as to  v/hich components do m aintain con tin u ity*
\
2 .5 .7 . So fa r , i t  appears thlat only the two sim p lest p o ss ib le  assumptions 
(45 “ 44) have been app lied  to  th e case o f l a t t i c e  s tr a in s ,  although more 
com plicated assumptions have been made by Bruggeman (45) and by Boas & 
Schmid (46) fo r  th e  case o f macroscopic r e la t io n s . Voigt (43) performed 
the ca lcu la tio n s fo r  the case o f  m echanically measured s tr a in s  making the
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assumption th a t the s tr a in s  in  each grain  o f  th e  aggregate were th e  same, 
w h ilst Eeuss assumed th at th e s tr e s s e s  in  each c r y s t a l l i t e  in  th e
aggregate were the same and equal to  that app lied  to  th e  aggregate. In
/
both cases i t  was assumed th at th e  aggregate as a whole obeyed th e  usual 
e la s t i c i t y  laws for  iso tr o p ic  b o d ies . In the th e o r e t ic a l treatm ent o f  
random aggregates th ree assumptions are made im p l ic i t ly ; -
i )  th a t c r y s ta ls  in  the aggregate are sm all compared v/ith  th e  volume 
examined,
i i )  th a t c r y s ta ls  have a random o r ien ta tio n  in  the aggregate,
i i i )  th a t th e  c r y s ta ls  in  which stra in s  are examined are con stra in ed  
by th e ir  neighbours a t a l l  su r fa ces .
The th e o r e t ic a l treatm ent can be app lied  t o  a c r y s ta l  o f  any symmetry. 
N e e r fie ld  ( 47) and M oller (48) ,  however, have shown th at the experim ental 
value fo r  th e  macroscopic e la s t ic  constants o f  th e  p o ly c r y s ta ll in s  aggre­
ga tes do not agree w ith  tne r e s u lt s  ca lcu la ted  from e ith e r  th eory , but 
they do agree remarkably w e ll w ith  th e  average o f  the two th e o r e t ic a l  
values* Chung and Buessera (49) have shown th a t th e  V oig t-H eu ss-K ill (YBH) 
approximation i s  a u se fu l scheme by which a n iso tro p ic  s in g le  c r y s ta l  
e la s t ic  constants can be converted in to  is o tr o p ic  p o ly c r y s ta ll in e  e la s t ic  
m oduliic Chung and Buessem have stu d ied  th e  YEH approximation for  h ig h ly  
a n iso tro p ic  cubic c r y s ta ls  and th e  c iy s t a ls  o f  lower symmetry, ec gc 
hexagonal, te tra g o n a l and tr ig o n a l sym m etries, e tc .
2. 5 *8* Hanstock and Lloyd (50) have obtained good agreements between 
valu es obtained m echanically and by X-ray measurements on the 420 
r e f le c t io n s  from Duralumin. This i s  not su rp risin g  because aluminium 
i s  one o f  the le a s t  an iso trop ic  o f  m eta ls . Donachie and Norton (51) 
working on 420, 511 and 333 r e f le c t io n s  from 2024 aluminium a l lo y  have 
confirmed the fin d in gs o f  Hanstock and Lloyd. G-isen (52) observed th a t  
s tr e s s e s  in  p o ly c r y sta l iron  computed from th e  211 r e f le c t io n s ,  u sin g  
Cr Ka r a d ia tio n , were more in  agreement w ith  th ose  determined m echanically  
than when using th e  314 r e f le c t io n s ,  from Co Kc. ra d ia tio n , even though 
th e  310 r e f le c t io n s  occurred at a h igher Bragg angle and gave more p r e c ise  
spacing v a lu es . This fin d in g  was su b stan tia ted  by Glocker and Hasenmeier 
(53)? &nd la te r  by Thomas (54) vfoo found th e  310 r e f le c t io n s  gave s tr e s s  
va lu es up to  Jfjfo too  high . Donachie and Norton (51) working on 211 and 
310 r e f le c t io n s  in  Armco iron  have confirmed th e  fin d in g s o f  th ese  authors*
2 .5 .9c  Maloof (55) 9 Letner and Maloof ( 56) have s ta te d  th at fo r  annealed  
SAE 8742 and annealed to o l  s t e e l ,  th e  X-ray gave value fo r  B 3O-4O/S
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higher than the engineering value® O gilv ie  (17) has mentioned th at X-ray 
and engineering values for  E & V seem to  agree when using Co Kff- ra d ia tio n  
and 310 r e f le c t io n s  o f  iro n , i t  would th erefore  seem th at s tr e s s e s  c a l -  
c ilia ted  u sin g  th e 310 r e f le c t io n s  are rep resen ta tive  o f  a sample o f  annealed  
s t e e l ,  w h ils t  those ca lcu la ted  using 211 r e f le c t io n s  are not rep resen ta tiv e . 
On the other hand O g ilv ie , Blount and E l l i e s , in  th e ir  d iscu ssio n  o f  
C h ristia n  and Rowland* s ( 36) work, agree that th e  X-ray va lu es o f  s tr e s s  
constants are 20-30^ higher than th e  engineering values w h ils t  C h ristia n , 
Rowland and Beu (9 ) found th a t the X-ray and engineering va lu es o f  th e  
s tr e s s  constants agree w ith in  experim ental error* The problem due to  
a n iso tro p ic  response i s  recogn ised  but no so lu tio n  i s  offered®
,10* Titanium, unlike- s t e e l  or aluminium, can ex h ib it considerab le  
d ifferen ce  in  Young* 3 modulus and Poisson* s r a t io  depending upon heat 
treatm ent, p rocessin g  v a r ia b le s , a llo y in g  additions* Further, th ere  i s  
lack  o f b a s ic  inform ation concerning th e  e f f e c t  o f  p referred  o r ien ta tio n  
upon the e la s t ic  properties* The inherent anisotropy o f  th e  s in g le  
c r y s ta l p rop erties  and the p referred  o r ien ta tio n  developed in  the f in a l  
wrought product are th e  two complementary factors*  I t  i s  p o ss ib le  to  
derive th e o r e t ic a l X-ray e la s t ic  moduli from a knowledge o f  the a n iso ­
tr o p ic  behaviour o f s in g le  c r y s ta ls  but in  general the agreement between 
th ese and the experim ental va lu es i s  not good ( 12)®
2*5*11* The e la s t ic  constants have been determined fo r  s in g le  c r y s ta ls  by
Flowers e t  a l (205) and F ishers and Ranken (206)* The compliances
measured by B rad fie ld  have been reported  by Schoening and W itt (207) *
Using th e  compliances determined by Flowers e t a l  and Hookes lav/, Zarkades
and Larson (208) have shown that when th e  s tr e s s  i s  ap p lied  p a r a l le l  to
6 2the b a sa l p la n e ,th e  Young’ s modulus = 14®5'x 10 I b f / in  when th e  s t r e s s
i s  app lied  perpendicular to  th e b a sa l plane the Young’s  modulus =
6 221*0 x  10 I b f / in  * Further^ i t  has been shown th a t Young’ s modulus v a r ies  
w ith  other te s t in g  orientations®  S irailarlj'1 la rg e  v a r ia tio n s  in  P o isso n ’s 
r a t io  va lu es in  s in g le  c r y s ta ls  are reported® Zarkades and Larson have 
concluded th at considerab le improvement in  e la s t ic  moduli may be ach ieved  
through tex tu re  co n tro l r e su lt in g  in  the production o f  improved m ateria l 
fo r  c r i t i c a l  applications®
2*5*12, The b a s ic  s tr e s s  equation (Appendix 2) has been rew ritten  in  d if fe r e n t  
form to  show how the e la s t i c  moduli, can be determined experim entally  by 
X -rad iation  in  titanium  w ithout tak ing in to  account th e  e la s t i c  con stan ts  
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2 -6 . Measurements o f L a tt ic e  S tra in s  in  M ate ria ls  Loaded P l a s t i c a l l y ,
2 c,601 „ Introduction  
'•2*6o1e1e P la s t ic  deform ation i s  caused by a g lid e  in  the cry sta l*
Part o f th e  c r y s ta l s l id e s  as a whole r e la t iv e  t o  th e  remainder on 
a s p e c if ic  cry sta llo g ra p h !c  plane® The d istan ce  i t  moves i s  an 
in te g r a l m u ltip le  o f  the in ter-atcm ic  spacing in  the d ir e c t io n  o f  the  
glid e*  Since in  the f in a l  p o s it io n  each atom has' been rep laced  by 
another (except for a few at th e s id e s  o f  the c r y s ta l)  and a l l  atoms 
are id e n t ic a l ,  i t  would be im possib le to  d etect th is  deformation by 
X-ray d if fr a c t io n  methods i f  i t  were not accompanied by other phenomena® 
G lide a c tu a lly  takes p lace  by d is lo c a tio n s  tr a v e llin g  through th e c iy s t a l s ,  
and i f  th ese  remain in  the c r y s ta l ,  as many p f them probably do, th ey  
cause lo c a l regions o f l a t t i c e  d is to r t io n  and hence a broadening o f  the  
d if fr a c t io n  line® I t  i s  p o ss ib le  that th e  presence o f  many regions o f  
disorder in  the l a t t i c e  w i l l  a lso  cause a general average expansion o f  
the la ttice®  Such an e f fe c t  would a lso  produce a r e s id u a l l a t t i c e  s tr a in  
but one which i s  o f  approximately th e same value in  a l l  d irections®
2® 6*1® 2® Weaver and Pfarr (41) in  th e ir  s tu d ies  on gra in  s iz e  and r e -  
c r y s ta l l i s a t io n  o f r o lle d  s t e e l  sheet by X-rays observed th a t , when a 
t e s t  p iece  from the sheet was h eld  in  te n s io n , a marked con traction  o f  
the l a t t i c e  occurred, but i f  t h i s  sample was stretch ed  beyond the y ie ld  
point and then unloaded the la t t i c e  spacing increased  to  a much higher  
figu re  than the o r ig in a l s tr e s s  free  value® These observations have 
been confirmed by B ollenrath , Hauk and Oswald (57)* Later Smith and 
Wood ( 58- 60) carr ied  out work o f a s im ila r  character and p u blished  the 
s tr e s s  s tr a in  curves fo r  aluminium, copper, iron  and m ild s te e l*  S im ilar  
curves have been described for  s t e e l  by Greenough (61)® Hauk ( 62) has 
published d e ta i l s  fo r  aluminium and aluminium-copper magnesium a llo y  
although not in  the form o f  l a t t i c e  s t r e s s  s tr a in  curves® A ll  th ese
i authors agree th a t l a t t i c e  s tr a in  ceases t o  be prop ortion al to  th e  app lied
i
1 s tr e s s  ju st above the macroscopic y ie ld  s t r e s s  o f th e  metal* However, 
Glocker and Hasenmeier (53) observed for  th e  211 r e f le c t io n  fo r  m ild  
s t e e l  th at the l a t t i c e  stirain ceases to  be proportion al to  th e ap p lied  
s tr e s s  for  the s tr e s s  above about three quarters o f th e  macroscopie y ie ld  
stress® This i s  d ir e c t ly  contrary to  the fin d in g s  o f  Wood ( 64)® Pinch ( 65) 
observed that th e  l a t t i c e  s tr a in  fo r  310, 211, 220 r e f le c t io n s  fo r  m ild  
s t e e l  were always proportional to  th e  app lied  s tr e s s  up to  the y ie ld  s t r e s s  
and that th e r es id u a l l a t t i c e  s tr a in s  never developed u n t i l  macroscopic 
p la s t ic  deformation had occurred® The m ajority o f  th e  experim ental 
evidence i s  in  favour o f  the view th at a non-proportional region  fo r
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l a t t i c e  s tr a in  does commence ju st above th e  macroscopic lim it  o f  
p roportion ality*
2 .6 .1 .3 .  While i t  i s  e sta b lish ed  th at r e s id u a l l a t t i c e  s tr a in s  are l e f t
in  th e in d iv id u a l grains a t  normal tem peratures, considerab le sp ecu la tion  
e x is t s  as to  th e  o r ig in  and d is tr ib u tio n  o f  the stra in s*  Numerous attempts 
have been made t o  exp la in  the o r ig in  o f  r es id u a l la t t i c e  s tr a in s  a fte r  
u n ia x ia l deformation o f  p o ly -c r y s ta ls . Two main tr a in s  Of thought have 
been pursued to  account fo r  the experim ental f a c t s ; one lead s to  res id u a l  
m acro-stresses and the o th er to  res id u a l m icro-stresses*  Both are based  
on th e common assumption that under t e n s i le  loading so ft  and hard regions  
occur and th a t a f t e r  removing th e  ex tern a l load the hard regions remain 
under t e n s i le  s tr e s s  g iv in g  r i s e  to  compression o f  th e  s o f t  regions* The 
fo llow in g  suggestions have been proposed by various authors
i )  The surface c r y s t a l l i t e s  o f a p o ly c r y s ta llin e  m ateria l should have 
a lower y ie ld  s tr e s s  than the c r y s t a l l i t e s  in  the in te r io r  (su rface  
e f f e c t )  (5 3 , 56, 57)--
i i )  A fter  p assin g  the y ie ld  p o in t, an inhomogeneity o f the work 
hardened s ta te  a r ise s  between a sm all surface la y er  and the  
in te r io r  o f  th e  p o ly e r y s ta ls , in crea sin g  w ith in crea sin g  amount 
o f  deformation (hardening e f f e c t )  (6 7 , 6 8 ).
i i i )  An in tergranular s tr e s s  system i s  e sta b lish ed  in  p la s t ic a l ly
deformed aggregates due to  y ie ld  poin t and work hardening an iso ­
tropy* The s e le c t iv e  nature o f  th e  X-ray method rev ea ls  th e  mean 
l a t t i c e  s tr a in  o f  a s p e c ia l ly  o r ien ta ted  group o f  c r y s t a l l i t e s  
only (o r ie n ta tio n  e f f e c t )  (1 0 , 69 , 7 0 , 71 , 7 2 ).
iv )  In th e  case o f two phase a l lo y s ,  in tergranular s tr e s s e s  develop  
due to  d ifferen ce  in  y ie ld  stren gth  o f  th e  tv/o phases. A fter  
p la s t ic  deformation each phase tak es res id u a l s tr e s s e s  o f  op p osite  
s ign  (in terp hase  e f f e c t )  (7 3 , Ik)* 
v) A system o f  o r ien ta ted  m ic r o -s tr e sse s , lo c a lis e d  w ith in  reg ion s
o f  coherent s c a tte r in g , appear a f t e r  u n ia x ia l p la s t ic  deformation® 
According to  th is  view , a l l  cen tres o f  coherent s c a t te r in g  are 
s o f t  reg io n s. The hard reg io n s, in  homogeneous m a ter ia ls , are 
rep resen tated  by grain boundaries, sub-boundaries, or h ig h ly  
d is to r te d  reg io n s, and in  hetex'ogeneous m ateria ls  by a s u f f i c ie n t  
quantity o f hard phase (coherent area e f f e c t  ) (7 5 , 76, 77)« 
v i )  In p la s t ic a l ly  deformed p o ly  c r y s ta ls ,  contain ing more than one
phase, d ifferen ces  in  Young’ s modulus could cause r e s id u a l s tr e sse s*  
Furthermore, due to  inhomogeneity o f s tr a in  near the phase boundaries 
and inhomogeneity o f work hardening near th e  in terphase boundary 
areas, r e s id u a l s tr e s se s  a r ise  (h eterogen eity  e f f e c t )  ( 78 , 79)®
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2 .6 .1 .4 .  Summarising, in  the case  o f homogeneous m ateria ls the la t t i c e  
s tr a in s  are probably due to  the hardening -affect and the surface e f f e c t  
and, accord in gly , measured s tr e s s e s  would be in terp reted  as m acro-stresses. 
However, for  the case o f  heterogeneous m a ter ia ls , hardening e f f e c t ,  surface  
e f f e c t ,  heterogen eity  e f f e c t ,  together w ith  coherent area e f f e c t ,  cause th e  
r es id u a l l a t t i c e  s tr a in  d is tr ib u tio n s . 'Which o f  th ese  fa c to rs  con trib u tes  
most to  th e  measured l a t t i c e  s tr a in  depends upon th e  type o f m ateria l and 
on the amount o f  h eterogen eity . N everth eless the super-im position  o f  m icro- 
and m acro-stresses occurs most freq u en tly .
Three main types o f experiment; have been a p p lied :-
i )  Surface res id u a l s tr a in s  have been determined as a fu nction  
o f  the p la s t ic  deformation o f  d if fe r e n t  m ateria ls
i i )  R esidual s tr a in s  have been determined using d if fe r e n t X-ray 
wave length s
iii) Changes in  r es id u a l s tr a in  d is tr ib u tio n  have been observed
a fte r  progressive th inn ing o f  p la s t ic a l ly  deformed specim ens.
2 .6 .1 .5 *  Greenough ( 70) ,b y  using  d if fe r e n t radiations^showed th at f . c . c .  ^
m etals ex h ib ited  res id u a l l a t t i c e  s tr a in  due t o  intergranular micro­
s t r e s s e s .  He co n fim ed  th a t  ^  w ith respect to  the magnitude and s ig n ,  
th ese  resid u a l l a t t i c e  s tr a in s  depended upon the o r ien ta tio n  o f  the 
measured grains o f  th e p o ly c r y sta llin e  sam ples. Greenough put forward ; 
h is  hyp othesis on th e  concept o r ig in a lly  introduced by Heyn (80) to  ' !
exp la in  creep recovery. Proceeding from th is  hypothesis o f  Heyn (80) 
and Masing (81) and using Taylor*s (82) theory fo r  p o ly e r y s ta ls , Greenough 
explained  h is  r e s u lt s  q u a lita t iv e ly  and quantitative^ as due to  th e  y ie ld  
p o in t anisotropy o f the c r y s t a l l i t e s  o f  the p o ly e r y s ta ls . Measurements 
o f  Kappler and Reimer ( 69) and Reimer (74) o f  p o ly c r y s ta llin e  n ic k e l by 
X-ray d if fr a c t io n  and magnetic methods agreed 'w e ll w ith Greenough* s  
theory. Furthermore, Reimer published measurements on pure copper which 
were a lso  in  agreement v/ith th e extended th e o r e t ic a l treatm ent o f  Greenough. 
Bateman ( 84) ,  however, was ab le t o  show th a t in  th e  case o f aluminium 
a llo y s  considerab le d ev ia tion  from the th e o r e t ic a lly  p red icted  r e s id u a l  
l a t t i c e  s tr a in s  e x is te d  a fte r  p la s t ic  deform ation.
2 .6 .1 .6 .  A system atic study o f  th e  formation o f  res id u a l l a t t i c e  s tr a in s
a f te r  d if fe r e n t amounts o f  p la s t ic  deform ation, o f  p o ly c r y s ta llin e  aluminium 
and copper by Macherauch and co-workers (68 , 85 , 86) le d  them to  the  
conclusion  th at the hypothesis o f  Heyn (80) and Masing (8 1 ) , and consequently
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the theory o f  Greenough, was p r in c ip a lity  not v a lid  v/ith resp ect to  th ese  
f*c*c* metals* By X-ray measurement, th<2,oe authors found the ex isten ce  
o f  a mainly macroscopic res id u a l s tr e s s  s ta te  due to  inhomogeneity in  
work hardening over th e cross s e c t io n  o f  th e  in v e s tig a te d  f . c . c .  p o ly ­
cry sta ls*  Moreover they showed that th e  greater part o f the experim ental 
data o f  the other authors on th ese  m etals was co n sisten t w ith  t h i s  view® 
Greenough (66) h im self carrying out res id u a l s tr a in  measurements on 
p la s t ic a l ly  deformed iron  and s t e e l  in terp reted  h is  r e s u lt s  on th ese  
m ateria ls  as a ffe c te d  by a super im position  o f  res id u a l macro- and m icro- 
s tr e s s e s  due to  th e  y ie ld  point anisotropy and due to  a y ie ld  point 
d ifferen ce  between the surface  parts and the in te r io r  p arts  o f  the  
specimen*
2*601*7. Donochie and Norton ( 87) have considered and r e jec te d  a s im ila r  
hypothesis* Wood and Dews nap ( 76) d id  not th in k  th a t Heyn in tergranular  
s tr e s s e s  are l ik e ly  to  make a s ig n if ic a n t  c o n t r i b u t i o n  to  observed la t t i c e  
s tr a in s  because Heyn s tr e s s  in  any case i s  dependent on i t s  neighbour*
They s ta te  th a t s in ce  on th e  v/hole a l l  arrangements o f  neighbours are  
p o s s ib le , th e  various numbers o f  th e  group taken togeth er  w i l l  ex h ib it  
the whole range o f  s tr e s se s  from ten sio n  to  c empress ion  w ith  a zero mean 
s tress*  Greenough (88) agreed th at r e s id u a l l a t t i c e  s tr a in s  in  c r y s ta ls  
o f  one o r ien ta tio n  would vary as the o r ien ta tio n  of the neighbouring 
c r y s ta ls  v a r ied , but po in ted  out th at th e  average s tr a in  taken over many 
grains o f  th e  p a r ticu la r  o r ien ta tio n  v/ould not be zero , but would depend ■ 
on th e  d ifferen ce  o f  th e y ie ld  ten sio n  o f  the grain  w ith  th e g iven  o r ien ­
ta t io n  and the average y ie ld  ten sio n  o f  th e  aggregate©
2,6* 1*8© Mechanical methods o f  r e s id u a l s tr e s s  determ ination have been 
applied  to  a m etal bar subjected  to  u n ia x ia l p la s t ic  deform ation and 
in d ica te  that th ere  are no r e s id u a l m acro-stresses a fte r  unloading  
(8 7 , 8 9 ). On the other hand, th e X-ray measurements (3 5 , 75, 90) show 
th e  l in e  s h i f t  in d ic a tiv e  o f  m acro-stresses which are opp osite  in  s ig n  
to  th e s t r e s s  causing the i n i t i a l  y ie ld *  S in ce the s tr e s s e s  are constant 
through the cro ss  sec tio n  they  can only be m icro -stresses  which appear to  
the app lied  X-ray technique as m acro-stresses* The X-ray observations  
may be te n ta t iv e ly  accounted fo r  by assuming a d is tr ib u tio n  o f m icro­
s tr e s se s  such th a t sub-grain  boundaries are in  ten sio n  and sub-grain  
in te r io r s  are in  compression* Because o f  t h i s  anomaly Hyler and Jackson  
(91) m aintain that th e  X-ray method i s  u n re lia b le  when used t o  determ ine  
res id u a l s tr e s s e s  produced by p la s t ic  flow* C u llity  ( 92) argues th a t  
X-ray measurements o f  m acro-stresses due to  grinding (19) and shot peening  
(93) (both o f which cause severe p la s t ic  deformation) show e x c e lle n t
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agreement w ith  mechanical determ inations* T iara and Yoshioka (209) 
have observed an anomaly in  s tr e s s  measurement by th e X-ray d if fr a c t io n  
and mechanical methods in  0* 39$ carbon s t e e l  a f t e r  3i% p la s t ic  ex ten sion .
These fin d in g s have been confirmed by R ick ie fs  and Evans (190) who have
/  '
a lso  observed that d ifferen ces  in  s tr e s s  l e v e l  increased  w ith an increase  
in  the hardness le v e l  o f th e  s t e e l .  They argue th a t the anomalous s tr e s s  
ev id en tly  required u n id ir e c tio n a l p la s t ic  flow  and fu rther conclude that 
i t  i s  r e a l and rep resen ts a s itu a t io n  o f  lo c a l  balance in  micro regions®
2 ,6 .1 ®9« From the lit e r a tu r e  survey i t  can be concluded th at the ex isten ce  
o f  r es id u a l l a t t i c e  s tr a in s  in  m etals deformed by u n id irec tio n a l p la s t ic  
flow  i s  a r e a l phenomenon but no c learcu t explanation  has y e t emerged to  
account fo r  th e ir  o r ig in . In th is  in v e s t ig a t io n , the presence o f  micro­
s tr a in s  and m acro-strains r e su lt in g  from various working p ro cesses , 
inclu d ing a specimen p a lled  in  u n ia x ia l ten s io n , are d iscu ssed  in  terms 
o f  deformation c h a r a c te r is t ic s  o f  titan ium .
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2 .6 .2 .  X-ray Line Broadening S tu d ies o l  p la s t ic a l ly  Deformed Metals
2.6* 2.1© S in ce Van Arkel (94) f i r s t  reported that co ld  work produced a
broadening o f  th e X-ray d if fr a c t io n  peaks, both q u a lita t iv e  and quantita­
t iv e  s tu d ies  o f the e f fe c t  o f  c o ld  work on X-ray d iffra ctio n , l in e s  have 
been pursued. Experimental evidence has been obtained from both f i l in g s  
and s o lid  m eta ls. The m ajority o f the experim ental evidence i s  in  favour 
o f  the view  th a t broadening o f  d if fr a c t io n  l in e s  i s  u su a lly  due to  both 
th e  c r y s t a l l i t e  s iz e  and m icro -stra in  but th at the m icro-stra in  u su a lly  
gives r i s e  to  a major part o f th e  broadening. Metal s tu d ies  have included  
copper (9 5 ) , n ic k e l (9 6 ) , brass (9 7 ) ,  aluminium (9 3 ) , iron  (9 9 ) ,  s t e e l  (100) 
( a l l  w ith  cubic s tr u c tu r e s ) , cobalt (1 0 1 ) , zirconium (102) and magnesium 
(103) (hexagonal c lo se  packed structures)®  Wood and Eachinger (104) shewed 
th at f i l in g s  g ive  niuch more l in e  broadening than t e n s i le  specimens p u lled  
to  fra c tu re . Probably in  f i l in g s  the res id u a l s tr e s se s  due to  working may 
have any o r ien ta tio n  and magnitude, thus g iv in g  r is e  to  a la rg e  s tr a in  
broadening. An a lte r n a tiv e  explanation  i s  th at working by r o ll in g  or by 
wire drawing, a f f e c t s  the extreme surface la y e rs  more than the in te r io r  
and th ese  extreme su rface  la y ers  con trib u te  to  the major p ortion  o f  th e  
d if fr a c te d  X-ray in te n s ity . The present p o s it io n  regarding the in te r ­
p re ta tio n  o f  l in e  broadening observations may be summarised as fo l lo w s : -
i )  In  a l l  worked m etals v a r ia tio n s  o f  s tr a in  from poin t to  p oin t  
o f  the irra d ia ted  area causes a broadening. In  the case o f  a 
m etal worked by heterogeneously d irec ted  s tr e s se s  as in  f i l in g s  
or in  ground su r fa ces , s tr a in  broadening predom inates,
i i )  In  a l l  co ld  worked m etals seme fragm entation occurs g iv in g
c r y s t a l l i t e s  o f  a s iz e  sm all enough to  cause l in e  broadening,
i i i )  Stacking fa u lts  could be introduced producing lo c a l  changes
in  structure*
iv )  Instrum ental e f f e c t  a sso c ia ted  w ith  the method o f  recording
l in e  p r o f i le  must be taken in to  con sid eration ,
v) To examine th e  l in e  shapes and to  in terp ret them in  terms o f
d is lo c a tio n  or some other fundamental theory o f p la s t ic  deform­
a tio n  H a ll (105) has in terp reted  h is  observations on aluminium 
and tungsten  f i l in g s  in  terms o f  the d is lo c a t io n  concept.
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2.6 ,3® Measurement o f  Peak Broadening
2c6*3e1,> The methods o f  X-ray l in e  broadening a n a ly s is  can be d iv id ed  in to  
three main groups depending upon th e qu antity  th at i s  used t o  d escrib e  
th e  l in e  broadening:-
i )  In teg ra l Breadth Method (1 0 6 ). In the e a r lie r  work th e  h a l f  peak 
breadth (th e  width at h a lf  maximum h eig h t) was e x te n s iv e ly  employed,
but t h i s  i s  a very  arb itrary  quantity and i t s  Lise i s  only  j u s t i f i e d
/
i f  peaks o f  a l l  the samples in v e s tig a te d  .remain similar® These days 
i t  i s  ra re ly  used® A b e tte r  method for  determining th e  d if fr a c t io n  
peak i s  the in te g r a l breadth ((3 ) which i s  defin ed  by Van Laue (107) 
as the area under th e  peak d iv ided  by the peak height®
i i )  The Variance Method® W ilson (108) and^his co-Y/orkers have used th e  
variance W(s) o f  th e  l in e  p r o file*  i ,e *  the second moment o f area 
above the centroid® The separation  o f  th e  c r y s t a l l i t e  s iz e  and 
s tr a in  i s  considerably sim pler s in ce  th e  variance i s  the sum o f  
the c r y s t a l l i t e  s iz e  variance and the s tr a in  variance®;
i i i )  Y/arren-Averbach Fourier Method® Warren and Averbach (109) have
worked out an in terp re ta tio n  employing th e  p r e c ise  shape o f  a l in e ,  
not ju st the in teg r a l width® They s ta r t  w ith an a n a ly s is  o f  the  
l in e  shapes by Stokes (1^0) method to  obtain  th e  tru e broadening,'’ 
uninfluenced by th e  instrum ental broadening and the Ka doublet 
broadening® A d i f f ic u l t y  th a t en ters in to  th e determ ination o f  
the c o e f f ic ie n ts  (An) in  th is  a n a ly s is  and in  r e la te d  on es, i s  
th e  problem o f  determ ining th e  true in te n s ity  o f  the background 
between th e d if fr a c t io n  l in e s ,  s in ce  th e  t a i l s  o f  th e  l in e  spread  
far  out and tend tp  overlap and obscure the true background inten sity®  
W illiamson and Smallman regard the u n cer ta in tie s  as a ser io u s  b arr ier  
to  th e  determ ination o f r.m »s. s tr a in s  from observed p r o f i le s  and 
p refer  to  make assumptions regarding th e  l in e  shape th a t provide 
upper and lower l im its  for  th e p a r t ic le  s iz e  and r .m .s . s tr a in .
2®6®3*2® Since stack in g  fa u lts  in terrupt the coherent pattern  o f a d if fr a c t in g  
c r y s ta l ,  th ese  produce broadening th at i s  s im ila r  to  p a r t ic le  s iz e  broaden­
ing in  th a t i t  i s  independent o f  th e order o f  r e f le c t io n s  fo r  th e p a r tic u la r  
r e f le c t io n s  th a t are a ffec ted ; but fa u lt  broadening d if fe r s  from p a r t ic le  
s iz e  broadening in  th at some r e f le c t io n s  renain  un altered  by fa u lts  and 
others broaden asymmetrically® Since stack in g  fa u lt s  are to  be expected  in  
many m etals and a lloys*  Y/arren and Warekois (110) developed a method fo r  
evaluating  these®
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2©6.3*3© In a fu rth er  refinem ent o f  th e  method Y/agner (97) developed an 
a n a ly s is  to  d if fe r e n t ia te  between the e f fe c t s  o f  deformation fa u lts  
from th ose o f tv/in fa u lt s .  Sm all and Westroacott (111) have shown that 
an in creasin g  fa u lt in g  p ro b a b ility  occurs w ith  in crea sin g  so lu te  content 
in  severa l binary copper based alloys©
2® 6® 3*4© A Fourier a n a ly s is  o f  s tr a in , p a r t ic le  s iz e  and two kinds o f  
stack ing  f a u l t s ,  has been worked out fo r  hexagonal c r y s ta ls  by Housker 
and Averbach (112)« These causes o f  broadening are d i f f i c u l t  to  separate  
when they are a l l  p resen t, but i t  i s  found that hexagonal cob a lt could be 
produced by transform ation and annealing so th a t only stack ing fa u lt  
broadening was present and an a n a ly s is  could be carr ied  ou t, provided  
cer ta in  assumptions were made©
2®6©3©3e Fourier a n a ly s is  for  body centred  cubic s tru ctu res  cannot be as 
complete as for face centred  cubic stru ctu res because a l l  l in e s  are made 
up o f components that are s h if te d  op p osite  ways by deform ation fa u lts  on 
(2 1 i)  p la n es , so  there i s  no net displacem ent o f  l in e  by deformation  
faults© The sm all magnitude o f  the l in e  shapes expected from tw in fa u lts  
may preclude a r e l ia b le  measurement o f  th e s e , but r«m0s« s tr a in s  and 
e f f e c t iv e  p a r t ic le  s iz e  can be determined from th e  broadening (113)©
2 ©6©3*6e The Warren-Averbach Fourier method (109) req u ires m u ltip le  order 
r e f le c t io n s  fo r  the separation  o f  m icro -stra in  and c r y s t a l l i t e  s iz e  terms© 
Y/ith Cu Ka or Co Ka  ra d ia tio n , no m u ltip le  order r e f le c t io n s  could be 
obtained; hence t h is  method o f  l in e  a n a ly sis  was not used©
2© 6*3*7© The variance method has th e advantage o f not req u iring  m u ltip le  
orders o f  r e f le c t io n  to  separate the m icro -stra in  and c r y s t a l l i t e  s iz e  
term s, and o f  enabling the correct background t o  be determined an alytica lly©  
To be accurate and r e l ia b le ,  however, i t  i s  necessary  to  have in ten se  
peaks a sso c ia ted  Y/ith a low background intensity®  Many o f  th e peaks 
obtained w ith alpha titanium  were broad and had a h igh  background in ten sity *
2®6*3©8e O ften the p r o f i le s  have lo n g ' t a i l s  and the peaks overlap© In th is  
ca se , th e  Fourier and Variance methods become u n re lia b le  s in ce  they are 
very dependent upon th e  ta ils®  I t  has r e c e n tly  been shoy/n (15&) th a t  
th ese methods o f  X-ray p r o f i le  an a ly sis  g ive  comparable r e s u lt s  w ith  
regard to  m icro -stra in  and c r y s t a l l i t e  size© T herefore, talcing in to  
consid eration  the in te n s ity ,  overlapping r e f le c t io n s  and absence o f  
m u ltip le  order r e f le c t io n s ,  i t  was decided to  use the in te g r a l breadth 
method t o  stu^r titanium  in  th is  work® T his method i s  sim ple to  use and 
has the added advantage o f  not requiring th e  use o f  e lab orate com putational 
fa c i l i t ie s ®
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2 .6 .4*  E ffe c t o f L a ttice  Deformation and L a tt ic e  D is to r tio n  on X-ray- 
Line P r o f ile
2©6©4v1© Various attem pts have been made to  draw conclusions about the s tr a in
and/or d is lo c a tio n s  in  im perfect and in  co ld  worked c r y s ta ls  from the  
measurements o f  in teg ra ted  in t e n s i t ie s  o f  r e f le c t io n s .  The fundamental 
d i f f ic u l t y  i s  th at o f  measuring th e  t a i l s  o f  th e l in e s ,  e s p e c ia lly  when 
these extend out so far th at they overlap v/ith the t a i l s  o f  th e  neighbouring 
l in e s ;  d if fe r e n t ia t io n  between primary and secondary e x tin c tio n  and -final iy  
the true changes in  in tegra ted  in t e n s i t ie s  in  co ld  work may be only'- a few- 
percent for most reflection s®
2* 6®A© 2® Smith and Wood (38) noted a marked drop in  the in te n s ity  o f  the JA O
r e f le c t io n s  in  add ition  to  th e  spacing changes occurring at the y ie ld  point 
o f  m ild s t e e l .  Smith and Wood showed th a t th e  drop in  X-ray in te n s ity  on 
passing  the y ie ld  p o in t i s  o f  th e  order o f 50^* S im ilar r e s u lt s  have been 
reported by Hengsteriberg and Mark (114) fo r  r o lle d  Mo, Ta, VI and by B rindly  
(113) and R id ley  (-116) fo r  f i l in g s  o f Cu, Ni and Rh. Since the in t e n s i t ie s  
decreased v/ith in creasin g  S in  © i t  was in terp reted  th at the e f f e c t  o f  co ld  
v/orking the m etal was to  leave  the atoms in  a s ta te  o f  frozen heat m otion ,5 
i . e .  at sm all permanent random displacem ent from the mean position®  
W illiamson and H all (117) using a cu rv ed -cry sta l fo cu ssin g  monochromator 
o f the Guinier type has revea led  th a t the d if fr a c t io n  l in e s  from co ld  worked 
m etals have long “ta ils "  which extend fa r  out in to  th e background. These 
t a i l s  are not o f  a great in te n s ity  at any p a r ticu la r  8 v a lu e , but s in c e  
th ese  t a i l s  extend over many degrees, th e in teg ra ted  in te n s ity  represented  
by them may be quite large® N eglect o f  such t a i l s  could th erefo re  introduce  
a considerab le error in to  the in te n s ity  determ inations made by th e e a r lie r  
workers® The error would increase w ith  in creasin g  © v a lu es . The fin d in g s  
o f  Y/illiam son and H all were su b stan tia ted  by Warren and Averbach (118) using  
f i l in g s  o f  alpha brass and a Geiger counter d iffractom eter  to  measure the  
in t e n s i t ie s  o f  th e  d if fr a c t io n  l in e s  and any changes occurring in  background 
scatter® This in v e s tig a tio n  revea led  th at co ld  work a c tu a lly  in creased  th e  
in tegrated  l in e  in t e n s i t ie s  owing to  the marked red uction  in  e x t in c t io n .  
Wagner and Kochendorfer (119) u sin g  a Geiger counter measured the in te n s ity  
fo r  the whole range o f  © fo r  s in g le  c r y s ta l specimens o f  z in c , and a fte r  
various p la s t ic  extensions up to  32/2 and for p o ly c r y s ta llin e  specimens o f  
aluminium and s i lv e r  up t o  reductions in  th ick n ess o f  up to  99fo by r o l l in g ,  
concluded th at th e  le v e l  o f  th e  background in te n s ity  rose slow ly  w ith  
in creasin g  © v a lu e , w h ils t  Warren and Averbach (11 8) found that i t  was 
approximately constant. By tak in g  in te n s ity  measurements from a specimen
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a t 350°C, they showed th at the changes produced by cold  work d iffe re d  
from those produced by increased  thermal Vibration® They observed th at  
co ld  work caused th e broad l in e s  to  have very long t a i l s  and produced no 
d etecta b le  change in  the background in te n s ity  l e v e l ,  w h ils t  thennal 
v ib ra tio n  caused rather le s s  l in e  broadening, very much shorter t a i l s ,  
but a marked in crease  in  the background in te n s ity . H all (117) a lso  
employed the Geiger counter technique and confirmed the fin d in g s  o f  
Wagner and Koehendorfer. He found th at the in te n s ity  o f background 
s c a t te r  from f i l i n g s  o f both the pure and commercial aluminium in creased  
at a l l  0 values by about 1 C/. He a lso  found th a t the t o t a l  in teg ra ted  
in te n s ity  o f  the pattern  was the same both fo r  the specimen of f i l in g s  
and fo r  the annealed m ateria l. H all a lso  observed that th e  secondary 
e x tin c tio n  was o f  importance in  h is  specimen o f annealed aluminium, 
whereas normally the primary e x tin c tio n  i s  considered to  be the important 
fa c to r .
2 .6 .4 .3 *  Huany (216) has shown th a t the random s t a t ic  displacem ent o f
atoms in  a c r y s ta l in flu en ce  th e d if fr a c t io n  o f  X-rays, in  th at Lane -Bragg
in te n s ity  i s  reduced by an exponential fa c to r , and fu rth er  the r e f le c t io n s
are s h if te d  in d ica tin g  expansion or con traction  o f  th e  average l a t t i c e .
by
Schoening and W itt (207) w h ils t  studying th e  la t t i c e  d is to r t io n  of  oxygen 
in  titanium  have shown th at i t  i s  p o ss ib le  to  p red ict the in te n s ity  
reduction due to  l a t t i c e  s tr a in s . They measured the in t e n s i t ie s  o f  (hoo' 
and (ool) r e f le c t io n s  w ith a s in g le  c r y s ta l d iffractom eter  and observed  
th a t v a r ia tio n  o f the in t e n s it ie s  w ith  oxygen concen tration  could be 
a ttr ib u ted  to:
(a) ad d ition a l sca tter in g  from oxygen atoms 
( D  change in  Debye-Yfaller fa c to r  and
(c )  an exp on tia l fa c to r  o r ig in a tin g  from d is to r t io n  around the oxygen 
atoms.
They concluded that i t  was p o ss ib le  t o  estim ate the d efec t concen tration  
from X-ray measurements o f  l a t t i c e  expansion and in t e n s it y  red u ction .
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2 .6 .5 .  E ffe c t o f  Stacking fa u lts
2 .6 e5 d c  R e la tiv e ly  few stu d ies  regarding th e  e f f e c t  o f stack in g  fa u lt s  
have been made in  co ld  worked hexagonal c lo se  packed s tru c tu res . 
Measurements by Edwards and Lips on (124) on hexagonal cobalt showed 
a broadening o f  c e r ta in  l in e s .  The o r ig in a l in terp re ta tio n  o f  th ese  
r e su lts  by Wilson (125) was p a r t ia l ly  su c c e ss fu l because only  growth 
fa u lts  were considered® New measurements on hexagonal cobalt have been  
made by Ananthareman and C h ristian  (126) and in terp reted  in  terms o f  
both deformation and growth f a u lt s .  I t  has been shown (124 -  125) th a t  
s tr e s s  free  c lo se  packed metal, e .g .  co b a lt , p o ssesses  random stack in g  
fa u lts  p a r a lle l  to  planes o f  c lo s e s t  packing and as a r e s u lt  cer ta in  
r e f le c t io n s  could become broadened as i f  the c r y s ta ls  were broken down 
in to  independently sca tter in g  c r y s t a l l i t e s .  B arrett (127 -  128) has 
shown th at stack in g  fa u lts  can be introduced in to  a c r y s ta l during 
p la s t ic  deformation in  ad d ition  to  d is lo c a tio n s  and may s ig n i f ic a n t ly  r 
add to  th e l in e  broadening which r e s u lt s  from p la s t ic  deformation and 
sub-grain form ation.
2 * 6 .5 .2 . Recent experiments have in d ica ted  th a t st'acking fa u lt s  can
introduce errors in to  s tr e s s  measurements fo r  m ateria ls  o f  r e la t iv e ly  
low stack in g  fa u lt  energy. Stacking fa u lts  o f  deformation ty p e , in t r in s ic  
f a u l t s ,  which r e s u lt  from a displacem ent at one atomic layer  cause peak 
s h i f t s  and symmetrical broadening o f  peaks (97) ;  whereas th ose o f  double 
deform ation typ e, e x tr in s ic  f a u l t s ,  cause peak s h i f t s  and asymmetrical 
broadening o f peaks (129 -  130)* Stacking fa u lt  p r o b a b ilit ie s  have been 
determined in  s i l i c o n  bronze (Cu -  6 .6  atomic % S i - 1 . 2  a ton ic  % Mn) 
and i t  was found (131 -  132) th at stack in g  fa u lt  p r o b a b ilit ie s  in creased  
w ith in creasin g  applied  s t r e s s .  The r e su lt in g  s h i f t s  in  peaks y ie ld e d  
computed s tr e s se s  th at were 25/2 or- more to o  low u n less  th e  s h i f t s  r e s u lt in g  
; from stack ing  fa u lts  were removed (1 3 3 ). Errors in  s tr e s s e s  computed 
from X-ray data were n e g lig ib le ,  however, in  s im ila r  experiments on brass 
(Cu -  30% Zn) which has a higher stack in g  fa u lt  energy.
2 .6 .5 .3 c  T h eoretica l a n a ly s is  .(154) in d ic a te s  th a t the presence o f  stack in g  
fa u lts  in  c lo se  packed hexagbnal m etals does not lead  to  l in e  s h i f t ,  but 
only t o  a m odified l in e  broadening p a ttern . However, Churchman (134) w hile  
studying th e  twinning mechanism in  deformed grains o f  a -  titanium  by 
bending has observed th at in  titanium  the stack in g  fa u lt  energy i s  low .
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2©6*5.4* Partridge (155) using  th e  transm ission  e lec tro n  m icroscope 
technique observed stack in g  fa u lt s  w ith in  a {1012} type tw in in  
titanium  in  the b a sa l and non b a sa l p3,anes a f te r  t e n s i le  deformation®
The o r ig in  o f th e  stack in g  fa u lts  i s  not c le a r  but. th ese  may account 
fo r  th e  fa u ltin g  d etected  by L ele  and Anantharaman (210) in  titanium^, 
using X-rays© Basal plane fa u lts  have been observed w ith in  transforma­
t io n  tw ins in  quenched pure titanium  (2 1 1 , 212). The stack in g  fa u lt  
energy (b a sa l plane) has been estim ated to  b e ^ 3 0 0  ergs/cm^ ( 213, 214)*
L ele and Anantharaman suggested  th at greater fa u lt  broadening o f  th e  
|1 0 1 2 j  p r o f i le  as compared t  o |1  011 [p r o f i le  in d ica ted  th e absence o f  growth 
stack ing fa u lt s  in  deformed titan ium . Their fin d in g s were in  marked 
disagreement w ith  th e  e a r lie r  fin d in g s  o f  Spreadborough and C h ristian  
(215) who obtained a much higher value o f  deform ation stack in g  fa u lt  
density® The la t t e r  performed th e ir  a n a ly s is  on the 1124 and 1231 
reflection s©  The d if fe re n c e  i s  a ttr ib u ted  f i r s t l y  to  the high Bragg 
angle r e f le c t io n s  used by Spreadborough and C h ristian  and second ly  the  
p ro b a b ility  o f stack ing fa u lt s  on th e  prism atic or pyramidal p lan es  
b esides b asa l p lanes in  th e  case o f  c lo se  packed hexagonal m etals w ith  
l e s s  than id e a l  a x ia l ratio®
2©6.5*5« Warren (218) has d iscu ssed  the work o f  Y/ilson (125) on growth
fa u lt s  and C h ristian  (219) on deformation fa u lt s  both on th e  002 p lan es ■
in  H.C.Pe structure© He has concluded th a t th ere was no peak displacem ent
or peak asymmetry produced by th ese  f a u l t s ,  w h ils t  r e f le c t io n s  w ith
H-K ss 3N remain sharp compared to  th ose  v/ith H-K ■= 3N -  1 which become
broadened* Growth and deformation fa u lt s  have d if fe r e n t  e f f e c t s  on th e1
peak in te n s ity  depending on L being even or odd©
2„6.5«6o H irsch (225) has stud ied  the arrangement and movement o f  d is lo c a t io n s  
in  a number o f  m etals w ith v a r ia tio n  in  stacking fa u lt  energy. In fa c e -  
centred cubic m etals the type o f  arrangement o f  d is lo c a tio n s  i s  r e la te d  
to  th e  a b i l i t y  o f  th e screw -d islooation s to  cross-slip ^  and th is  i s  
determined by the stack ing  (fa u lt  energy. In m etals o f  low stack in g  fa u lt  
energy* such as s ta in le s s  s t e e l  and et~brass* th e d is lo c a tio n s  are p iled -u p  
against grain  boundaries forjvery  low deform ations, but fo r  la rg er  strains^  
networks are formed on the s l ip  planes by in ter a c tio n  with d is lo c a t io n s  on 
other system s, No therm ally a c tiv a ted  c r o s s - s l ip  i s  observed in  th ese  
m etals. In Cu* Au and Ni* fo r  which stacking fa u lt  energy has an in te r ­
mediate value* th e  d is lo c a tio n s  are arranged in  poorly developed substructures
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a fte r  deformation a t room temperature© Im A l* which has a high stack in g  
fa u lt  energy, the d is lo c a tio n s  are arranged "in almost p er fec t sub- 
boundaries* C r o ss -s lip  has been observed in  Cu, Au, N i and Al®
2*7® Measuremen ts  o f S tre s se s  in  Two Phase A llo y s .
2,7.1'* R esidual la t t ic e  s tr a in s  may occur in  two phase a llo y s  more r ea d ily
than in  s in g le  phase a llo y s  a fte r  u n ia x ia l p la s t ic  deformation "because o f  
the l ik e l ih o o d o f  the presence o f d if fe r e n t e la s t ic  constants as w e ll as a 
v a r ia tio n  in  tho d ir e c tio n  and magnitude o f  the g lid e . The v a r ia tio n  in  
th e c o e f f ic ie n t  o f  thermal expansion .-with d ir e c tio n  in  each grain  can g iv e  
r is e  to  res id u a l la t t i c e  s tr a in s  in  co o lin g  from high temperature and th ese  
s tr e s se s  can be even greater  in  a two phase system w ith  d if fe r e n t co­
e f f ic ie n t s  fo r  each phase,
2 .7 .2 .  Smith and Wood (75) have observed th ese  s tr e s se s  when talcing  
measurements on th e  310 r e f le c t io n s  o f  m ild s t e e l  using  Co X.Ct ra d ia tio n .
They have been fu rther in v e s t ig a te d , using  the X-ray d if fr a c t io n  techniq ue, 
by Wilson (135) on 1 ,2 6% carbon s t e e l  measuring sep ara te ly  the f e r r i t e  and 
cem entite co n stitu en ts  a f t e r  compression; by Reimer ( 13&) on iron  and 
s t e e l ,  and by Hauk (137) on s t e e l  and copper aluminium a lloys*
2 .7 .3 .  Boas and Honeycombe (138) showed th a t e le c t r o ly t ic a l ly  p o lish ed
specimens o f  t i n ,  cadmium and zinc ( a l l  non-cubic) when therm ally cycled  
between 30°  ^ d  50°C were subjected  to  p la s t ic  deform ation a f te r  only a 
sm all number o f  c y c le s . In cadmium and zinc the deformation was p o ss ib le  
as s l i p ,  but in  t in ,  d is to r t io n  in  th e  region  o f  the grain  boundary was 
p o ss ib le . Lead (cub ic) gave no sign  o f  deformation fo r  the same treatm ent. 
Later the work was extended to  include a two phase a l lo y ,  t in -r ic h
tin-antim ony a llo y . Gurland (39) published h is  r e s u lt s  on tungsten carbide; 
Newton and Vaucher (139) obtained the value o f  s tr e s s e s  in  s in g le  phase 
alpha b rass, two phase a lpha/beta  brass and 1 .05% carbon s t e e l .  C hristenson  
and Rowland ( 36) have published the d e ta i l s  o f  s tr e s s  measurements in  both  
th e  a u s te n it ic  and m arten sitic  phases o f  case hardened s t e e l .  French and 
MacDonald ( 189) have published the d e ta ils  o f  grinding s tr e s s e s  in  M3 in  a 
WO + 10% Co com posite. '
2 .7 .4 .  Phase transform ations w i l l  induce further res id u a l l a t t i c e  s tr a in s  
owing to  the changes in  volume that occur. M artensitic  transform ation s, 
p r e c ip ita tio n  r e a c tio n s , rea ctio n  o f  gases which on p r e c ip ita t io n  from 
so lu tio n s  become concentrated at various types o f  l a t t i c e  d e fe c t s ,  are 
a l l  ty p ic a l examples o f  la t t i c e  s tr a in s .
Page 50
EXESRHifflNT-AL PROCEDURE
ti*—»WftMriijimw’iBK,rfri’iini ■ n io ixtiminiNMm mg.
3«1* M a te r ia ls ,
3 .1 .1*  The fo llow in g  two grades o f titan ium  were used in  th is  
in vestiga tion *
( a )  M E .1 3 0
(b ) 3MI.31&A
Eoth m ateria ls were in  the form o f  cross* r o lle d  sheet^ or obtained frorr 
wrought bar.
(a ) By p r e c ise  con tro l o f  the i n t e r s t i t i a l  Elements, carbon, oxygen
and n itrogen , i t  i s  p o ss ib le  to  produce commercially pure titan ium  to
s p e c if ic  u ltim ate  t e n s i le  strength  requirements w ith in  the o v e ra ll range 
223/45 to n f / in  . Three grades are produced, i . e .  s o f t ,  medium and hard.
The s o f t  grade i s  u t i l i s e d  where excep tio n a l co ld  fo n n a b ility  i s  required  
and the hard grade for higher stren gth  requirem ents. The medium grade i s  
w idely  used fo r  general con stru ction  work in  both the a ir c r a ft  and chemical 
f i e ld s .
IMI.130 i s  medium grade commercially pure tit©nium w ith the  
fo llow in g  ty p ic a l mechanical p r o p e r tie s :-
0 . 1$; p .s .
to n f/in ^
T .S .
to n f/in ^
Elongation  
% on 2 in
F atigue lim it  
% o f  T .S .
Bend Radius 
180° bend 
15 S.W.G.or 
th inner
D ensity
g/crn^
22 min. 30-40 20 rain. 50 2t 4.31
The m icro-structure o f  t h is  m aterial i s  shown in  Photo 1 and the mechanical).)
p rop erties obtained from t e s t  blanks cut both in  the lo n g itu d in a l and tra n s­
verse d irectio n s  are recorded in  Table 1 c
(b) IMI.318A i s  an alpha-beta a l lo y . At room temperature i t  has a 
duplex c r y s ta l stru ctu re  c o n s ist in g  o f alpha (c lo s e  packed hexagonal) and 
beta  (body centred cu b ic ). At higher temperatures th is  p ro g ress iv e ly  
transforms t o  an a l l  beta stru ctu re; the transform ation being complete 
at $J)0° i  20°C. Depending on th e  heat treatm ent, the fo llow in g  p rop erties  
are obtained from 3M .318^:-
0 .1 /  P .S . 
to n f/in ^
T .S .
to n f/in ^
Elongation  
fo on 2 in
Fatigue l im it  
% o f  T .S.
Bend Radius 
180° bend 
10' S.W.G.or 
th inner
D ensity
g/crP
57 min. 62 min. 8 min. 55-60 5t max. 4© h-2.
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The stru ctu re  o f 6fo A l, tifo V T i a llo y  quenched from 82*jO°C ( in  the  
bet f ie ld )  c o n s is ts  o f  a reta in ed  b eta  m atrix w ith  is la n d s  o f  primary 
alpha. Upon ageing at 480°C th e a llo y  becomes stronger, presumably by 
th e  beta -  omega -  alpha hardening rea c tio n , How/ever, the same a llo y  
when quenched from 954 ~ 980°C i s  apparently la r g e ly  alpha prime with  
some resid u a l alpha in  the transformed beta'm atrix .- Upon ageing at 
480°C the a llo y  develops higher stren gth . The fa c t  th a t l i t t l e  or no 
beta i s  reta in ed  during 980°C quench suggests that the reaction : 
alpha prime*~^alpha + beta may be resp on sib le  fo r  the hardening, 
3MI.318A m ateria l i s  annealed between 800°and 900°C.
The chemical com position o f  H/J* JA 8A as supp lied  by the manu­
factu rer  was as fo llo w s : -
Batch
Chemical com position %
Al V C Fe N ppm 0g pptn
A 6309 6.08 4* 08 0 ,02 0.06
!
105 1100
-3.-2, Trfeatment of Specimen.
3«2,1o . For determ ining the m acro-stra in s, f l a t  s tr ip s  (8 ,0  in  x 0 ,72  in )  
were cut in  the transverse d ir e c tio n  from the sheet m aterials in  IMI.130 
and IMI.318A and a l l  fa ces  were p o lish ed  w ith emery papers. For d e te r ­
mining the bulk Young's modulus values th at enter in to  the s tr e s s  fa c to r  
c a lc u la t io n s , su ita b le  blank lengths were cut in  the lo n g itu d in a l and 
transverse d ir e c tio n s  for th e two m a ter ia ls ,
3 .2 .2 ,  For determining the m icro -stra in s , commercially pure titan ium  
specimens were trea ted  using the fo llow in g  p r o cesses:—
3 .2 .3 ,  Grinding
A t e s t  blank (3*0 in  x 0 .75  in  x 0 .5 0  in ) v«ras ground. In the  
prelim inary stages 0.015 in  m aterial m s  removed by grinding. For t e s t  
grind ing, the blank was section ed  in to  f iv e  t e s t  coupons, 0 .006 in  
m ateria l was removed, w ith  various down feed  r a te s , w h ils t  keeping the 
fo llow in g  fa c to rs  constant
(a ) wheel grade
(b ) wheel speed
(c )  grinding f lu id
Further d e ta ils  are given in  Appendix 6 (S ectio n  1 ) ,
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The ground specimens were-exam ined;for su rface  abnorm alities  
u sin g  th e stereoscan  e lec tro n  microscope and fo r  resid u a l m acro-strains  
and m icro -stra in s by X-rays*
' 3.2*4* shot Peening
The t e s t  blanks (3*0 in  x 0*75 in  x 0*50 in ) were shot peened t o  
three peening in t e n s i t ie s  0*008A2, 0*014A2 and 0«,G20A2* Almen s tr ip s  
were a lso  shot peened to  peening in te n s ity  0.014A%« The other d e ta ils  are 
given in  Appendix 6 (S ec tio n  A-) * . .
3* 2*5* M illin g  and Turning
Two t e s t  coupon (0*75 in  x 0 ,75  in  x 0*50 in ) were m illed  and 
turned using th e v a r ia b les  l i s t e d  in  Appendix 6 (S ec tio n  2 and 3 )l
3*2*6. Vapour B lastin g
A sheet specimen (1*50 in  x 1*30 in  x 0*036 in ) v/as vapour 
b la sted  using the con d itions g iven  in  Appendix 6 (S ec tio n  6 ) .
3*2*7« U niaxial P u llin g
A sh eet specimen (6*0 in  x 1*62 in  x 0*036 in ) was p u lled  in  
u n ia x ia l ten sio n  using th e con d ition s given in  Appendix 6 (S ec tio n  7)«
The magnitude o f  m icro -stra in s was determined in  the region  o f maximum 
p la s t ic  t e n s i le  strain*
■ '5*3*- Heat Treatment*
The s tr ip s  and blanks were s tr e s s  r e lie v e d  as fo l lo w s : -  
Commercially pure titanium  B1I.130 540°C -  3°C, J  hr, a ir  co o l
Titanium a llo y  IMI.318A- 600°C -  3°C, 1 lir , a ir  co o l
I
In order to  preclude the in gress o f  a ir  and so  prevent su rface  
contam ination, the s tr ip s  and blanks we re clamped in  a s p e c ia l ly  designed  
jig* The ends o f th e j i g  were sea led  w ith  f ir e c la y  cement and d r ied  before  
charging in  th e furnace*
3*4o Surface P re p a ra tio n * ’
The s tr ip s  fo r  use in  X-ray s tr e s s  a n a ly s is  were chem ically  m illed  
as fo llo w s :-  '
( i )  Degrease w ith  acetone
( i i )  Wash v/ith d is t i l l le d  water
( i i i )  P ick le  v/ith the fo llow in g  so lu tio n
(a ) HNOj 36°B 250 ml + ml
(b) HP 40 ml !  3 ml
(c )  TTo0 d i s t i l l e d , t o  1 l i t r e
Temperature o~. the bath 50“60°C
( iv )  Wash and dry 
(v ) P ick le  in  th e above so lu tio n  for ..30 seconds at room 
temperature 
(v i)  Wash and dry
 3 .5 •  M a n u fa c tu re  o f  Spec im ens . ■
The laboratory d esign  Sp and Sg t e n s i le  t e s t  p ie c e s  (F ig , 1) were 
cut from the s tr e s s  r e lie v e d  blanks in  ccm mercidlly pure titan ium  IMI.130 
and 6% V Ti a llo y  -IMI.318A resp ective ly*
Shot peening con tro l s t r ip s  to  Almen design  were manufactured from 
the 1111.130*
3*6 . T e s t i n g  o f  Tens i l e  T e s t  P i e c e s .
The t e s t s  were carr ied  out on a Denison te s t in g  machine in  a x ia l ly  
align ed  g r ip s . L oad/extension.curves were p lo t te d  from which 0.1 fos 
0 proof  s tr e s s  values and Young’s modulus were obtained.
; i
 3*7« Micro Hardness T e s tin g . ; I
CL ■ ... .A
Subsurface micro-hardness t e s t s  were made with^G.K.N. M icro-hardness 
t e s t e r  on m eta llograp h ica lly  prepared specimens., cut from both th e  Almen 
s tr ip  and th e t e s t  blanks in  IMI.130 and blanks only in  'HIT.31&A.
 3c8. S tereosoan  E lec tro n  M icroscopy. j
In order t o  d etect any surface abnorm alities, due to  grinding o f  
commercially pure titanium  IMI.130, th e  t e s t  coupons ground v/ith d if fe r e n t
down feed  ra tes  were examined vising the Cambridge S tereos canning
E lectron  M icroscope.
- 3*9 . T ra n sm is s io n  E l e c t r o n  M ic ro s c o p y .
3oS*'U Transm ission e lec tro n  microscopy was carr ied  out using  an E .M .I.
EM6G microscope t o  study the deform ation c h a r a c te r is t ic s  o f  com m ercially  
pure titanium  2MI„130. The fo llow ing deform ation p rocesses were s tu d ied :-
(a) Uni a x ia lly  P u lled  Specimen
I n i t i a l l y  tensomete?r t e s t  p ieces  ( F ig . l )  manufactured from the 
sheet m aterial were p o lish ed  on one face  using a gamma alumina pad 
impregnated v/ith 10fo] o x a lic  a c id . The specimens were then u n ia x ia lly  
deformed g iv in g  4 « 5 /? 1 0 / and 15 /  s tr a in  in  a H ounsfield  tensom eter. 
An unstrained t e s t  p iece  was a ls o  examined.
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(b ) Shot -peened* ground and m illed  surfaces
The shot peened specimens were taken from the blank peened to  
0.01AA2 in te n s ity  w h ils t the ground t e s t  coupon G-3 v/ith dov/n feed  
ra te  o f .0005 in  per pass was studied* The d e ta i l s  o f the working 
process are included in  Appendix 6*
3.9c 20 Preparation of Thin F oils.
On chemical m illin g  th e  commercially pure titan ium ; p r e fe r e n tia l  
a tta ck  occurs along th e grain  boundaries and the tw in boundaries w ith  
p o ss ib le  hydrogen p ick  up* Further,the titanium  has a strong a f f in i t y  
fo r  oxygen and hence tends to  form an oxide film* In order to  avoid th ese  
jjroblems and t o  produce a th in  f o i l ,  th e fo llow in g  procedure as recommended 
by P artridge (155) was used: -
P erch loric  a c id  30 ml
Methanol 295 ml
n-butanol 175 ml
Angle o f in c lin a t io n  o f  je t  
to  th e  specimen surface 30
Cathode S te e l
Temperature o f  bath ~20°G
Current d en sity  0*2 to  0 .7 5  k/cu?
3*9.2*1«,The u n ia x ia lly  p u lle d  tensom eter specimens v/ere lacquered except 
for  th e area to  be th inned. The e le c tr o ly te  was a g ita ted  and j e t s  o f  
e le c tr o ly te  impinged a t each face o f the specimen u n t i l  p erfora tion  
o f  th e  sheet occurred.
3c9«>2.1 .For studying the su rface behaviour o f  shot peened, ground, and m illed  
su r fa ces , the specimens were sec tio n ed  and m echanically p o lish ed  to  a 
. th ick n ess o f  0*018 in . The specimens were lacquered as before but the  
e le c tr o ly te  was allowed to  impinge only on the m echanically p o lish ed  face  
and e lec tr o p o lish in g  v/as continued from one s id e  u n t i l  a th in  f o i l  was 
obtained.
3 .1 0 . O ptical Microscopy
The o p tic a l microscopy was carried  out using  a V ickers p ro jec tio n  
m icroscope. The grain  s iz e  and d ir e c t io n a lity  was examined in  specimens 
sec tio n ed  in  the lon g itu d in a l d irec tio n  from each o f  th e m aterials* The 
• specimens v/ere prepared by p o lish in g  on a gamma alumina pad impregnated 
v/ith 10fo o x a lic  acid*
To study the b a sic  mechanism o f  p la s t ic  deform ation in  titanium  
in  unidirectional!, deformation such as in  u n ia x ia l te n s io n , th e  tensom eter
t e s t  p ieces  (p ig .1 ) manufactured from s?uzst m ateria l v/ere p o lish ed  on 
one face and examined m icroscop ica lly  before and a f t e r  s tra in in g  for  
in d ica tio n s  o f  surface markings. In comparison, the shot peened specim ens, 
where p la s t ic  flow  occurs in  many d ir e c t io n s  at once, were a ls o  examined*.
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4 , MFASURMENT OF MACRO-STRAIN IN TITANIUM AND A TITANOTJ1LLOT
S f X-RAY DIlAFRACl'ION
| i | f > ^ n i l l  it mi'Hir rtfin ill iwitMiK m m  »T'iTiHar^ mirn^ iM~tiTT«ii <r»(7i
4v1» In tro d u c tio n .
if,1 .1 .The b a sic  theory o f th e  X-ray d if fr a c t io n  technique fo r  measuring 
m acro-strains has been c car erect in  th e  l ite r a tu r e  survey. The fo llo w in g  
two methods are used to  measure th e  changes involved: -
1) X-ray back r e f le c t io n ,
2) D iffractom eter*
•4.1„2.The b a s is  o f  the a n a ly t ic a l procedure fo r  m acro-strain  measurement 
by th ese  two methods are given in  Appendix 2 , When the m acro-strains are  
measured w ith a d iffractom eter , th e  p o s it io n  o f the d if fr a c te d  beam i s  
measured in  terns o f  angular p o s it io n  20 , rather than in terp lan ar spacings 
as in  the back r e f le c t io n  technique* The X-ray back r e f le c t io n  
and th e  d iffractom eter techniques have been developed fo r  measuring macro­
s tr a in  in  titanium  and titanium  a llo y . The development o f  th e  two techniques  
i s  described in  d e ta il  in  th e fo llow in g  paragraphs
4,2* X-Ray Back R eflec tio n  Technique.
4 .2 .1 .  Choice o f  Radiation
The d if  fr a c tio n  equipment used was Raymax X-ray cry sta llo g ra p b ic  
u n it , U n filtered  Cu Ka , Co Ka and Cr Kcr rad ia tion s were used , th e appro­
p r ia te  ra d ia tio n  being obtained by in se r t in g  a su ita b le  ta rg e t in to  th e  
X-ray u n it«■ T h eoretica l c a lcu la tio n s  using the ~  va lu es reported in  
l i t e r a tu r e  fo r  titan tiu m  ( 3) ,  gave th e  fo llow in g  Bragg angle fo r  a number 
o f  h igh  angle peaks o f su ita b le  in te n s ity
R adiation C rystallographic
plane
Bragg angle Tube current m.A
V oltage
KV
Cu 006
302
80°  4 1 1 
74° 1 y
10 50
Co 114 71°  14’ 5 35
Cr 004 77° 54* 9 35
4 ,2 ,1 02, For eva lu atin g  s tr e s se s  in  commercially pure titan ium  Co Ka
ra d ia tion  was used* w h ilst th e  e f f e c t  o f  beam p en etra tion  was in v e s tig a te d  
using the three r a d ia tio n s , i . e .  Co Ka , Cu Ka and Cr K a ,
4* 2 ,1.3* The X-ray un it was operated w ith  tube current and v o lta g e  as shown 
in  the above ta b le .
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4 .2 . 1*3® For th e  purpose o f sep a ra te ly  determ ining s tr e s s e s  in  the alpha 
as w e ll  as b eta  phases in  6% Al-4% lr T i a l lo y  IMI.318A, Co Ka ra d ia tio n  
was selected*, Co Ka ra d ia tio n  gave high angle peaks o f  s u f f ic ie n t  
in te n s ity  from th e (114) p lanes o f the alpha phase and th e  ( 222) p lanes of 
■fee beta phase w ith  Bragg ang les o f  77° 14* and 72° 35* resp ectiv e ly *
4 . 2 , 2 ;, Choice o f  C alibration  Powder*
4c 2. 2. 1. For accurate s t r e s s  measurements, u sin g  X»rey back r e f le c t io n  
technique, i t  i s  necessary t o  c a lib r a te  th e f ilm  to  specimen d ista n ce . 
This i s  achieved by p a in tin g  the m e ta llic  surface under examination w ith  
a very th in  coating  o f  a pure, s tr a in  free  m e ta llic  powder* The su ita b le  
powder g iv e s  i t s  own back r e f le c t io n  l in e s  which can then be used for  
c a lib r a tio n .
4 * 2. 2*2. S ilv e r  c a lib r a tio n  powder was s e le c te d  fo r  measuring s tr e s s e s  in  
commercially pure titanium  IMI.130. T h eo retica l c a lc u la tio n s  gave th e  
fo llo w in g  high angle r e f le c t io n s  o f  s u f f ic ie n t  in te n s ity  w ith  th e th ree  ,
■i
ra d ia tio n s u sed :-
Radiation C rysta llograp hic plane  (c a lib ra tin g  powder) Bragg angle
Cu 511 78° 2V
;  i 333
Co 331 72° 35'
420 78° 13'
Cr 222 76° 38'
4* 2 .2 .3 . Iron c a lib r a tio n  powder was used fo r  determ ining s tr e s s e s  in  
6% A1 ~l$> V T i a l lo y  IMIe3l8A giv ing a Bragg angle o f  80° 42* from the  
(310) plane v/ith Co Ka. ra d ia tio n .
4 .2 ,3 .  Procedure for Determining S tre sse s  
4 .2 .3*1*  A f la t - p la t e  back r e f le c t io n  camera was used to  record th e  X-ray
d if fr a c t io n  lin es*  The back r e f le c t io n  film s were rectan gu lar in  shape 
and the ra d ia tio n  was co llim ated  v/ith v e r t ic a l  s l i t s ,  perpendicular to  
the len g th  o f  the f ilm . A 0.030 in  s l i t  was used fo r  th e  normal and 
30°  exposures and a 0 .020  in  s l i t  fo r  the 40°  in cid en ce to  compensate 
fo r  the spreading of th e  irra d ia ted  area upon r o ta tio n . In  order t o  
bring more planes in to  th e  r e f le c t in g  p o s it io n  during exposure, each 
specimen was o s c i l la t e d  through 1-4°* This arrangement was proposed by 
Bragg and Lipson (147) and Frohnmeyer ( 148) and by th is  method, th e
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sca tter in g  o f  the in ter feren ce  p o in ts  on th e  f i lm  i s  avoided* The 
; a lte r n a tiv e  arrangement proposed by L eiber and Hacherauch ( 86) a llow s 
fo r  a s h if t  o f th e  X-ray tube p a r a lle l  to  a loaded specimen thus g iv in g
more c r y s t a l l i t e s  in  the r e f le c t in g  p o s it io n .
/'
4« 2<,3„ 2© The appropriate c a lib r a tio n  powder was smeared on the m e ta llic  
surface* For each s tr e s s  measurement s ix  back r e f le c t io n  film s were 
taken as fo llo w s : -
( i )  Two photographs w ith  in cid en t beam normal to  th e  surface o f  th e  
specimen.
( i i )  Two photographs v/ith in c id en t beam in c lin e d  a t 30° to  the surface  
normal i . e .  one on e ith e r  s id e  o f the normal©
( i i i )  Two photographs w ith in c id en t beam in c lin e d  at 40° to  th e  surface  
normal i . e .  one on e ith e r  s id e  o f the normal.
4®2„3.3<* The film s were measured w ith a vern ier  s c a le  by v is u a l  means.
Since the l in e s  were not d if fu se d  recourse was not made to  a m icro-
photometer* The s tr e s s  va lues were ca lcu la te d  u sin g  the method o u tlin ed  ’
in  Appendix 3® The s tr e s s  c a lcu la tio n  sh eets  along w ith the graphs
+ , 2corresponding to  a t e n s i le  s tr e s s  o f 14*9 -  0 .7  t o n f / in  and com pressive  
*$* 2s tr e s s  o f  14«& -  0*8 to n f / in  are a ls o  attach ed  'to  th e  Appendix 3®
4*2*4* Comparison o f  X-ray S t r e s s _Measurements w ith  th ose  from 
S tra in  Gauges and''Bending Theory
4.2 ,4 .1©  In order to  confirm the r e l ia b i l i t y 1 o f  th e  method over a wider
range o f  s t r e s s e s ,  th e  s tr e s s  value^determined by the X-ray back r e f le c t io n
techn iq ue,using th e  simple iso tr o p ic  th eory , were compared w ith  th e
th e o r e t ic a l values from elementary bending theory and th ose  determined
w ith s tr a in  gauges. The s tr a in  gauges were cemented onto both fa c e s  o f
two s tr ip s  o f  each o f  th e  m ateria ls IMI.130 and IMX.318A. I n i t i a l  su rface
s tr e s s  va lu es were obtained fo r  th e  s tr a ig h t s tr ip s  by th e  X-ray back
r e f le c t io n  technique. Each s t r ip  was then constrained  in to  a c ir c u la r
arc in  the 3°> 1 0 ° , 15°* 20°, etc* bending j ig s  (Fig©2) and th e  s tr e s s e s
measured by th e  X-ray method on both th e ten s io n  and compression fa c e s .
The t e n s i le  s tr a in  on th e  outer la y ers  o f each s t r ip  was measured .
with s tr a in  gauges and converted to  s tr e s s  using  th e  bulk Young* s  modulus
va lu es obtained from sim ple t e n s i le  t e s t s .  A fter  each s tr e s s  measurement
in  the bending j ig s ,  th e  radius o f curvature o f  the s t r ip  was determ ined
u sing a tr a v e ll in g  microscope end the th e o r e t ic a l s tr e s s  was c a lcu la te d
by elementary bending theory©
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4*2*5* Choice o f Area f o r  S tre s s  E v a lu a tio n  w ith  Regard to  the 
Radius of C urva tu re . -
4* 2*5*1. Nonna l l y  a l l  th e  X-ray s t r e s s  measurements v/ere taken a t th e  mid- 
p o s it io n  o f th e  various s t r ip s  and in  between th e  s tr a in  gauges. From 
th eoretica l, co n sid era tio n s , v/hen the s t r ip  i s  con stra in ed  to  a c irc u la r  
arc in  a four point loading j ig  (P ig . 2 ) ,  th e  s t r e s s  should be uniform ly  
d is tr ib u te d  along th e  arc o f th e  c i r c le .  In order to  confirm th is  
h yp othesis and a lso  to  .m inim ise any p o ss ib le  error involved  in  measuring 
the s t r e s s  by X-rays on the same spot when th e  s t r ip  was tra n sferred  from 
one j ig  to  another, X-ray s tr e s s  measurements v/ere taken a t th e m id -p cs iticn  
o f  th e  s tr ip  and then  at a d istan ce  o f  0 .125 -in on e ith e r  s id e  o f th e mid- 
p o s it io n  o f  the s t r ip .  The s t r e s s  measurements wero taken when th e  s tr ip  
was constrained  in  a 5°  bending j ig  and the fo llo w in g  r e s u lt s  were ob ta in ed !
M ateria l P o s it io n  on th e s t r ip
rnirrm ~i in— u  n un  i winrwiMi n m m n n n in  imu gifiiinimir
S tress^
to n f / in
■ ■ .w in  ijj i — .i l k  ji m nuiumjuiwiii m u ir ^
IMI.130 M id-position 5 .7  -  0 .5
0.125 in  on th e  R.H.S* o f  m id -p osition 5 . 3 - 1 . 0
0 .125  in  on th e L.H.S •  o f m ad-position 5 .7  -  0 .7
4*2.5®2® The r e s u lt s  agreed remarkably w e ll within, th e experim ental error  
and t h is  elim in ated  th e n e c e ss ity  of tak in g  X-ray s tr e s s  measurements a t  
th e  same sp o t.
4 .2 .6 .  E ffe c t  o f  Beam ffenetration  
4*2.6.1® An e a r lie r  in v e s t ig a tio n  had in d ica ted  th a t d if fe r e n t  s t r e s s  r e s u lt s  
v/ere obtained w ith  Cr Ka , Co Ka and Cu Ka ra d ia tio n s. The magnitude o f  
the su rface  s tr e s se s  as measured on th e  te n s io n  face  o f  a s t r ip  in  commer­
c ia l ly  pure titanium  IMI.130 when constrained  in  a 5° bending j ig  ( F ig .2) 
increased  l in e a r ly  w ith decrease in  wave len gth  o f  th e X -rays. However, 
the surface s tr e s s  p attern  on the compression fa ce  was o f  Hhook“ d is tr ib u ­
t io n  type g iv in g  a subsurface maximum stress®
4® 2® 6® 2® In  order to  f in d  out th e  in flu en ce  o f  beam p en etration  on the X-ray  
s t r e s s  a n a ly s is  the s tr ip  was constrained  at various s tr e s s  l e v e l s ,  to  
form the arc o f  a c ir c le  in  d iffe re n t bending j ig s  both in  the e l a s t i c  
as w e ll  as the p la s t ic  range® The X-ray s tr e s s  measurements w ere-taken  
on both the ten s io n  and compression fa c e s , u sing  u n filte r e d  Cr Ka , Co Ka 
and Cu Ka. ra d ia tio n s. The th e o r e t ic a l s tr e s s  was derived  using th e  
elem entary bending theory® The depth o f  p en etration  was c a lc u la te d  u sin g  
th e  method o u tlin ed  in  Appendix 1®
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4-3* D iffraotom etry.
4.3„1 . instrum entation
A g e n e ra l view  o f  th e  d if f r a c to m e te r  u sed  f o r  m easuring m acro- 
s t r a in s  i s  shown in  Photo 21. A P h i l l ip s  1010 X -ray g e n e ra to r  and goniom eter 
v /ith  Panax e le c tro n ic  equijxnent was' used. F i l t e r e d  Cu Ka, r a d ia t io n  
o p e ra tin g  a t  36 .KY and 20 raA was used . F u r th e r  d e t a i l s  o f  th e  d i f f r a c t o ­
m eter a n c ^ l le r ie s  a re  g iv en  on Pages 68 , 69 C hapter 5- • A f ix e d  count 
s te p  scanning  te ch n iq u e  was employed and th e  t iw e  ta k en  to  re c o rd  th e  f ix e d  
count was p r in te d  out on a T e le ty p e  m achine. .
4 . 4 2 .  D iff ra c to m e te r  Alignment
4*3s2.1.■ The d if f ra c to m e te r  was a lig n e d  such t h a t  th e  d ivergence  s l i t s ,
/
goniometer axes and rece iv in g  s l i t  f e l l  011 a s tr a ig h t l in e  through 0 degree 
29. For determ ining th e  accuracy o f  alignm ent, th e  high angle r e f le c t io n s  
from s tr e s s  free  s i lv e r  powder and a s i l ic o n  d is c ,  whose peak p o s it io n s  
are sim ila r  to  th ose given by the T i, were chart recorded;at >Jf= 0,45 degrees 
and the 29 values obtained, v/ere compared w ith th e  th e o r e t ic a l v a lu es .
4*3* 2 .2. When th e  specimen i s  ro ta ted  t o  the = 45 degrees p o s it io n , a
r a d ia l  alignm ent o f  th e  co u n ter t r a c k  i s  necessary® For example, th e  u s u a l
4
diffractom eter arrangement i s  shown in  F ig . 23a in  which th e  sample surface  
always makes equal angles v/ith th e  primary and d iffr a c te d  beams ( ij/ =0 
degree). When the sample i s  ro ta ted  to  ~ 45 degrees, th e fo cu ssin g  
cond itions are destroyed F ig . 23b. Thus the d if fr a c te d  rays converge at , 
point B in stea d  o f p o in t A on th e  gomometer c ir c le  such th a t on a r r iv a l at 
A not only are th ey  d isp ersed  but th e ir  mean p o s it io n  i s  a lso  changed. For 
p o s it iv e  va lu es o f specimen in c lin a t io n  a n g le , \i/ , th e  r ec e iv in g  s l i t  and 
counter must be moved forward along th e radius of the goniometer c ir c le  to  
the point B to  m aintain the Bragg-Brentano focu ssin g  co n d itio n s . The 
d istan ce  AB which the counter tube rece iv in g  s l i t  must be moved forward 
was ca lcu la ted  using the fo llow in g  equation suggested  by K oistinen  and 
; Mar burger (1 9 ) .
AB -  R-B Cos ( v  + <p)J X J L J  «*» iiriwi 1 ■.u s -  ttmir fc-HBOgprwai
Cos ( V -  cp)
where ' ~
R = Source to  sample d is ta n c e  o r ra d iu s  o f  th e  goniom eter 
c irc le* .
(p = 90 ~ ©
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4e3«2o3* Although true focu ssing  con d ition s can never be obtained^ r e su lts  
from the s tr a in  fr e e  s i l i c o n  d isc  and s i lv e r  powder showed th a t th is  
formula gave a s a t is fa c to r y  approximation®
In order to  improve the diffx*action in t e n s i t y , a l l  the s o l le r  b a f f le s  
in  the rece iv in g  s l i t  and the d ivergen t s l i t  systems were reraovedo
4 . 3 , 3 . Instrum ental C orrection for  Peak S h if t s  due to  Counter Movement
4 ,3 .3 d *  In order to  correct fo r  any peak s h i f t  con trib u tion  r e s u lt in g  fro® 
the ra d ia l alignment and ro ta tio n  o f  specimen through \j/ = 45 degrees$
high angle r e f le c t io n s  from s tr e s s  fr e e  s i l i c o n  d isc  and s ilv er - powder 
v/ith peak p o s it io n s  c lo se  to  those o f  titan ium  v/ere chart recorded,, The 
d ifferen ce  in  peak p o s it io n  r e la t iv e  to  \y = 0° \y = 45°was calculated®  
Subsequently the p eak -p osition  o f  s i lv e r  powder was checked at regular  
in ter v a ls  by the f ix e d  count step  scanning technique®
A .3.4® Procedure fo r  S tre ss  Measurements j
4*3*A®1o In th e two-exposure method the e la s t ic  s tr a in s  a sso c ia ted  w ith  a i
s e t  o f  cry sta llo g ra p h ic  p lanes are re la ted  to  th e  s t r e s s  by the formula 
derived in  Appendix 2®
: v  K ( 2 e x  -  2 e v )
w here:- •- ' * •
= resid u a l surface stress®
K = S tress  fa c to r  determined experimentally®
20 = P o s itio n  o f  s e le c te d  peak w ith specimen in  normal position®«JU
29^ = P o s it io n  o f  s e le c te d  peak w ith specimen a t angle r e la t iv e
to  normal p o s it io n ^  \|/ = 45 degrees was used in  t h is  study®
4*3*4*2* For accurate s tr e s s  measurement, th e  fo3.1owing requirem ents are 
e s s e n t ia l : -
( i )  the d if fr a c t io n  peak must be of s u f f ic ie n t  in te n s ity  so  th a t i t s  
p o s it io n  can be accu rately  measured®
( i i )  the peak should occur at a h igher Bragg angle®
( i i i )  the peak p o s it io n  must be id e n t ic a l at zero s tr e s s  fo r  d if fe r e n t  
values o f \j/.
4*3.4*3o Thus the 213 r e f le c t io n  a t 20 = 139.4° with Cu Ka ra d ia tio n  was 
found to  be su ita b le  fo r  IMI.130 and TMI«>318A. The th ird  requirement 
was s a t is f ie d  by correct d iffractom eter alignment®
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‘ 4 * 3 .5 . Determ ination o f  D iffr a c tio n  Pe .C&Positiarr
4 .3 .5 .1 • The determ ination o f  the d if fr a c t io n  peak p o s it io n  can be sub­
d iv id ed  in to  3 parts as fo llo w s:-
( i )  Recording th e  d if fr a c t io n  peak.
( i i )  C orrecting i t  fo r  29 -  dependent in te n s ity  fa c to r s  such as Lorents*
peak* The in te n s ity  was measured as rec ip ro ca l in te n s ity  by recording  
the tim e for  10.000 counts by au tom atica lly  stop  scanning at 0*0$ degree 
29 intervals*  From th ese  data p o in ts , f iv e  p o s it io n s  o f  20 were s e le c te d  
fo r  a more accurate determ ination o f  the in verse  in t e n s i t ie s  at each 
p o s it io n  by accumulating 100,000 counts, by s te p  scanning manually at 
0*1 degree 2© in te r v a ls . The time taken fbr 10,000 or 100,000 counts was 
p rin ted  out on a te le ty p e  machine*
4 . 3 . 5 . 3«> The measured in verse  in t e n s i t ie s  v/ere corrected  fo r  fa c to r s  
s e n s it iv e  to  2© by m u ltip ly ing  the in verse  in t e n s i t ie s  by L orentz, 
p o la r isa tio n  and absorption factors* The L oren tz-p o lar isa tion  fa c to rs  
v/ere used t o  correct the data obtained a t 0 degree and the combined 
Lorent z«*polarisation and absorption fa c to r s  were used a t an angle o f
4*3c$.4* The peak .p osition s v/ere determined by th e th ree poin t : parabola  
method o f  K oistinen and Marburger ( 19 ) « The th ree  point parabola was 
f i t t e d  to  the d ata , and angle 20 corresponding t o  the maximum in te n s ity  
was ca lcu la ted  using th e  fo llow in g  equation: -
p o la r isa tio n  and absorption factors*
( i i i )  L ocating and measuring th e  peak p o s it io n s
4 #3 c$*2o A f ix e d  count s tep  scanning technique was used to  record th e
20
where: -
20  ^ = F ir s t  data angle*
2© ,^ 202 > 2©jj = C onsecutive 20 p o s it io n s  at which in verse  in te n s ity  
i s  determined*
C
b
a
= 2©2 -  29  ^ or 2©  ^ -  2©2 
= t^ -  t 2 (corrected  tim es) 
= -  t 2 (corrected  tim es)
= time required to  accumulate g iven  number o f  counts
( 100, 000) a t 2©^, 202 and 20  ^ p o s it io n s c
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4 .3 * 6*S tress  Factor C alib ration
4 «.3 . 6a1* The accuracy o f  s tr e s s  measurement u lt im a te ly  depends upon the 
s tr e s s  constant K in  equation^on Page 122*
4 .3 .6*  2. In order t o  determine th e  s tr e s s  fa c to r  experim entally , a s p e c ia l
bending j ig  (Photo 21 ) was designed to  s t r e s s  th e specimen in  a four■ ■ /
p o in t load in g  device* This device allow ed e ith e r  t e n s i le  or compressive 
s tr e s s e s  to  be app lied  to  the upper surface o f  a /rectan gu lar beam specimen* 
Specimens 6 in  x *070 in  x  .0 36 in  were deformed by fou r point loading so  
th a t uniform bending moments were app lied  betw< en the inner supports, and 
the component o f  th e  app lied  s tr e s s  in  th e  ir ra d ia ted  volume o f  m etal 
applied s tr e s s  in  the irra d ia ted  volume o f  m etal was constant* The s tr a in  
gauges were cemented on to  both fa c e s  o f  the Strips* Each s t r ip  was 
constrained  in to  a c irc u la r  arc in  th e  5° ,  10° ,  12^-°, 1$ ° , 20 ° , 23° ,  30° ,
35° s 4 0 ° , 4 5 °$ 50°and 5 5 °  bending j ig s  (F ig*2) as appropriate and the  
app lied  s tr a in  was noted from the s tr a in  gauges* The s tr a in  was a ls o  
ca lcu la ted  using bending theory© The app lied  s tr a in  was converted in to  
s tr e s s  using  the bulk e la s t ic  constants determined from t e n s i l e  specimens . 
o f each material® In order t o  e lim in ate any p o ss ib le  errors a r is in g  from 
the time and temperature dependence o f  s tr a in  gauges, th e  s tr a in  was noted  
in  each f ix e d  bending j ig  (F ig*2) and the same s tr a in  was ap p lied  when the  
s t r ip  was tran sferred  to  the v a r ia b le  j ig  (photo 21)* The process was repeated  
fo r  a l l  the jigs® This procedure had the fu rth er  advantage that the s tr a in  
measured by the back r e f le c t io n  technique u sin g  a f ix e d  j i g ,  d i f  fr  ac tcm etfy  
using th e v a r ia b le  j i g ,  s tr a in  gauges and bending theory could be d ir e c t ly  
compared® For c a lib r a tio n  purposes th e  e la s t ic  l im it  o f the m ateria l was 
not exceeded® 1
4*3«6*3® In order to  determine th e  e f f e c t s  o f  u n id ir e c tio n a l p la s t ic  deformation  
on s tr e s s  measurement, th e  specimens were fu rth er  s tra in ed  in  the p la s t ic  
region® The observed values o f  A 2Q ~ 2Q **20 were corrected  for in s tr u -  
mental e f fe c t s ;  A 2© was p lo tte d  against th e app lied  s tr e s s e s  and th e slop e  
o f  th e l in e  gave the s tr e s s  fa c to r  fo r  each material®
■ 4 .3 .7 * D eterm ination  of X-ray E la s t ic  C o n stan ts .
4 .3 .7 * 1 . The s tr e s s  fa c to r  K (equation  21 Appendix 2 Page 122 )  contains th e  
quantities E and V.The values^] o f E and v ,  however, vary w ith the c r y s ta l lo ­
graphic d ir e c tio n  o f  a p a rticu la r  r e f le c t io n  and th e  wave length o f ra d ia tio n  
used* I t  i s  reported in  l ite r a tu r e  (Page i3 5 ) th at th ere i s  an appreciable  
d ifferen ce  (up to  k-OJ'o) between the va lu es o f  E and V determined mechanic a l ly  
and those measured by the X -rsy d if fr a c t io n  technique® Therefore th e  bulk
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values determined m echanically are not th e  correct ones to  apply to  
d if fr a c t io n  measurement*
4.3*7® 2C The theory o f  th e method fo r  determ ining X-ray e la s t ic  moduli i s  
included in  Appendix 2* The s tr a in  v/as applied by means o f four poin t 
load ing . The app lied  s tr a in  computed from th e  bending theory and a lso  
from s tr a in  gauges, was converted in to  s tr e s s  u sin g  th e  bulk e la s t ic  
constants©
4 * 3«8 o C a l i b r a t  i  on o f Diffractometer f o r  Study o f  Curved S u rfa ce s
4 .3 * 8 .1 . The P h il l ip s  d iffra cto m eter  i s  designed only for  a f l a t  specimen.
In order t o  achieve proper focu ssin g  i t  i s  e s s e n t ia l  th at the fo llow in g  
cond ition s are s a t i s f ie d  fo r  a l l  d if fr a c t io n  a n g le s :-
( i )  the l in e  source, specimen su r fa ce , and r e c e iv in g  s l i t  a x is  are 
a l l  a p r a l le l i
( i i )  the specimen surface co in c id es w ith th e  d iffractom eter  a x is  /
( i l l )  the l in e  source and .receiv in g  s l i t  both be on th e d iffractom eter  
circle®
4*3*8.2© Yi/hen determining th e  s tr e s s  fa c to r , th e  rectangular s t r ip  i s  p laced
in  th e bending fix tu r e  (Photo 21) and increm ents o f  s tr a in s  are applied® The
/
convex or eancave s id e s  o f the s tr ip  which i s  exposed to  th e  X-ray beam i s  
then no longer tangent to  the fo cu ssin g  c ir c le  and hence th e  proper fo cu ssin g  
cond itions are destroyed . 'Whilst designing th e  bending f ix tu r e  p ro v is io n  
was made to  move th e whole frame up or  down so  th at th e  specimen su rface  
always co incided  v/ith th e d iffractom eter  a x is .
4*3*8.3* The e f f e c t  o f ro u tin ess  o f  specimen surface on th e  X-ray s tr e s s
a n a lysis , has been in v e s tig a te d  ( 217) w h ilst the e f f e c t  o f  curved su rfaces  
on the determ ination o f  the s tr e s s  fa c to r  u sin g  the d if fr a c ta n e te r  lias not  
been in v e stig a te d  so far® The problem o f  s tr e s s  determ ination usin g  th e  
X-ray back r e f le c t io n  technique i s  not so  serious because co llim ated  X-ray 
beam w ith  v e r t ic a l  s l i t s  perpendicular t o  th e len g th  o f  the film  are used® 
Normally a 0.030 in  s l i t  i s  used fo r  th e  normal and 30° exposures and a
0 .020  in  s l i t  fo r  the 40°  incidence t o  compensate fo r  the spreading o f th e  
irra d ia ted  area upon rotation® In the d iffr a c ta n e ter  the X-ray beam i s  
wider. In  order to  in v e s tig a te  the e f f e c t  o f  curved su rfaces on th e  s tr e s s  
fa c to r  c a lib r a tio n , experiments were .designed to  s tr e s s  r e l ie v e  th e  s tr ip s  
o f  commercially pure titanium  IMI.130 in  various bending j i g s . ( F i g .2) made 
in  s t e e l .  The annealed s tr ip s  were examined by th e  X-ray back r e f le c t io n  
technique and r a d ia l streak in g  was observed. The s t r ip s  v/ere not s tr e s s  
fr e e . Further d e ta i ls  are included in  Appendix 7©
4 . 4 .  Me a s u remen t  o f  R e s id u a l  L a t t i c e  S t r e s s  i n  P l a s t i c a l l y  Deformed 
C om m erc ia l ly  Pure  T i ta n iu m  IM I.130 ,
,4*4*1. Generally p o ly c r y s ta llin e  m a ter ia ls  deformed p la s t ic a l ly  in  u n ia x ia l  
t e n s i le  show a l in e  s h i f t  in d ica tin g  res id u a l l a t t i c e  s tr a in s  which are not 
shown by mechanical methods. However, when res id u a l s tr e s s e s  are induced by 
d is to r t io n  accompanying hardening, shot peening or m achining, good agreement 
has been obtained between measurement o f th ese  s tr e s s e s  by X-rays and 
mechanical methods. Several attempts have been made to  exp la in  th e o r ig in  
o f  the r es id u a l l a t t i c e  s tr a in s  e x is t in g  in  specimen?deformed in  a t e n s i le  
t e s t  but no c lea r  cut explanation has y e t emerged. Further changes have 
been observed on p ro g ress iv e ly  th inn ing th e deformed specimen. So f a r 3the  
in v e s tig a tio n  has been confined to  e ith e r  face  cen tred  cubic or body centred  
cubic m ater ia l but c lo se  packed hexagonal m a ter ia l has rece iv ed  l i t t l e  
attention*
4..4 .S . Because o f  the lack  o f  agreement between X-ray and m echanical methods;, 
o f s tr e s s  measurement in  a u n ia x ia l t e n s i le  t e s t ,  a t e n s i l e  t e s t  p iece  
( F ig . i )  was manufactured from IMX.130 sh eet m ateria l in  th e as rece iv ed  
condition* The specimen was subjected  t o  u n ia x ia l loading at a constant  
ra te  in  a 50 ton  Denison te s t in g  machine. The specimen was extended to  
1C$ p la s t ic  s tr a in . The p a r a lle l  portion  o f  the t e n s i le  t e s t  p iece  was .cut:,, 
o f f  for subsequent s tr a in  ana lysis*  The m acro-stresses were measured by the 
X-ray back r e f le c t io n  technique in  the lo n g itu d in a l d ir e c t io n  i . e .  d ir e c t io n  
o f p u llin g  and tran sverse d ir e c tio n  on th e maximum s tr a in e d  p ortion  o f  
specimen. O ccasion ally , s tr e s s e s  were a lso  measured using th e  d iffractom eter*  
The v a r ia tio n  o f s tr a in  was fu rther in v e s t ig a te d  as su c ce ss iv e  la y e rs  
were removed by chem ical p o lish in g  using th e  fo llo w in g  s o lu t io n s -
HNO^  (56°B) 250 ml ^
HP {LvOfo) 40 ml i  3 ml
H^ O d i s t i l l e d  to  one l i t r e
Temperature o f  bath -  co ld .
- 4 .4 . 3. M icro-strains were a lso  measured using the in te g r a l breadth method 
o u tlin ed  in  Chapter 5*
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4 .4 .4 .  For com parison, the  e f f e c t  of o the% deform ation  p ro cesses  such 
as  sho t peening and g rin d in g , which p ro d u c e ^ s ig n if ic a n t a l t e r a t io n s  
in  the  su rfa ce  la y e rs  of m eta ls  r e s u l t in g  in  r e s id u a l  l a t t i c e  s t r a in s  
were a ls o  in v e s t ig a te d . The sho t peened specimens were taken  from 
th e  b lanks peened to  0 .0 1 4A2 and 0.020A2 in t e n s i t i e s  w h ils t  the  
ground t e s t  coupon G2 w ith  down feed  r a te  of .001 in  p e r pass was 
s tu d ie d . The d e ta i l s  of th e  work p ro cesses  a re  in c lu d ed  in  Appendix 6 
Both th e  m acro-stresses and m ic ro -s tre sse s  were measured on th e  t r e a te d
su rfa c e s  as  w e ll as below the s u rfa c e s . The su rfa ce  la y e r s  were 
removed by chem ical m illin g  w ith  th e  s o lu tio n  mentioned in  the p reced ing  
parag raph . During chem ical m illin g  th e  u n tre a te d  su rfa c e s  were stopped 
o f f  w ith  a la cq u e r.
4 .4 .5 .  The X -ray techn ique was then  a p p lie d  to  measure m a c ro -s tre sse s  in  
IM I.130 deformed by sho t peening , vapour b la s t in g ,  g r in d in g , m illin g  and 
tu rn in g . The d e t a i l s  of' th e se  t r e a te d  su rfa c e s  a re  g iven  in  Appendix 6 .
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5 . 1 . I n t r o duc t i  cn .
5.1 .1 .Prelim inary in v e s t ig a tio n  showed th at in  the X-ray hack r e f le c t io n  
film s taken from th e  IMIC130 s tr ip s  p la s t ic a l ly  deformed in  bending, 
before and a fte r  re lea s in g  th e  s tr ip s  from the bending jig s*  th e Ka 
doublet was c le a r ly  d istinguished* On the other hand, film s taken from 
th e shot peened and machined su rfaces in  IMI.130 in d ica ted  th at the  
d if fr a c t io n  l in e s  were broadened and d if fu se d , and the Ka doublet v/as 
not d is tin g u ish a b le . Even a f te r  long exposures i t  was d i f f i c u l t  to  
determine th e s tr e s s  in  shot peened or machined su rfaces by the film  
techniqueo I t  was th erefore  p ostu la ted  th a t the p la s t ic  flow  in  commer­
c ia l ly  pure titanium  IMI.130 could be explained in  tern s o f  two d if fe r e n t  
modes o f p la s t ic  deform ation. Probably m ic r o -s tr e sse s , c r y s t a l l i t e  s i s e s  
and stack ing f a u l t s ,  played a major part in  the p la s t ic a l ly  deformed shot 
peened su rfaces. Machining, grinding or other working processes can 
produce s ig n if ic a n t  a lte r a tio n s  in  th e  su rface  la y ers  o f  m etals such as 
p la s t ic  deform ation, high temperature gra d ien ts , rehardening and/or over- 
tempering in  s t e e l s ,  and res id u a l s tr e s s e s . The r es id u a l m icro -s tre sse s  may 
in flu en ce  s tr e s s  corrosion  and mechanical p rop erties  in clu d ing  fa t ig u e  and 
d is to r t io n  o f th e component. In order to  study the in flu en ce  o f  various  
working p ro cesses , experiments were i n i t i a l l y  designed to  study the e f f e c t  
o f shot peening, gr in d in g , m il l in g , turning and vapour b la s t in g  on the  
m icrostress measurements in  commercially pure titanium* One specimen 
was a lso  pu lled  in  u n ia x ia l ten s io n . The d e ta i l s  o f  th ese  working 
p rocesses are included in  Appendix 6 . A fter th e i n i t i a l  experim entation , 
the e f f e c t  o f  shot peening and grinding was fu rther s tu d ied . The e f f e c t  
o f  various working processes on the l in e  in te n s ity  o f  various p r o f i le s  was 
a lso  stu d ied .
5 .2 . D iffrac to m e te r Equipment and Technique.
5 .2 .1 .The X-ray d if fr a c t io n  l in e  p r o f i le s  were chart recorded u sin g  a 
standard P h il l ip s  diffractom eterc This c o n s isted  o f  a P.W.1010 s t a b i l i s e d  
X-ray generator, a P.W.1050 goniometer and proportion al counter, and a 
P.YM051 sca la r  and recording panel* The slow est scanning speed o f  ~q°  
per minute in  d ev ia tio n  a n g le , 29 , was used. N i~ f ilte r e d  Cu Ka. ra d ia tio n  
was used. The fol3.cwing divergence, s c a t te r  and rece iv in g  s l i t s  were 
used to  ensure th a t at le a s t  h a lf  the specimen area was ir ra d ia ted  for  
any 28.
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Angular Range D ivergence S l i t  R eceiving S l i t  S c a t te r  S l i t
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0,1 mm 1°
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0*2 mm 4 °
5.3*1 .A b r ie f  review  of X-ray l in e  broadening s tu d ie s  o f p la s t ic a l ly  
deformed m etals i s  g iven  in  th e  l i t e r a tu r e  survey* Taking in to  considera­
t io n  the in t e n s it y ,  overlapping r e f le c t io n s  and absence o f m u ltip le  order 
o f  r e f le c t io n s ,  i t  m s  decided t o  vise th e  in te g r a l breadth to  study titan im ®  
This method i s  sim ple to  use and has th e  added advantage o f  not req u ir in g  
the use o f  elaborate com putational f a c i l i t i e s *
5 .3 .2 .In teg ra l breadth method
5*3* 2*1* The lin e  broadening produced by p la s t ic  deformation i s  due m ainly  
to  two fa c to rs
(a ) reduction in  c r y s t a l l i t e  s iz e  due to  th e  production o f  new 
domains and fa u ltin g
(b) in crease  in  m icro-strains®
• 2® 2* The in teg r a l breadth due to  c r y s t a l l i t e  s i^ e  and m icro -stra in s can
be derived from Bragg's law* The Scherrer (157) formula r e la t in g  broadening 
to  mean p a r t ic le  dimensions i s  as fo llo w s ; -
0 = KX  
FF t  Cos &
8 JPP ~ broadening due to  sm all p a r t ic le  s iz e  
t  = mean p a r t ic le  dimension
K = constant which v a r ie s  w ith p a r t ic le  shape but i s  c lo s e  t o  unity©
5.3* 2,3*. The p r o f i le  due to  c r y s t a l l i t e  s iz e  e f f e c t s  approximates to  a Cauchy
2 p j
d is tr ib u tio n  (y  = (1 + a x )~ ) c
5*3.2*4* When the broadening i s  due to  m icro -s tra in s , Stokes and W ilson (158)
have shown the fo llow in g  r e la tio n sh ip  between broadening (3 and s tr a in  &&
$ s  " 2 s ta n  8
5.3* 2©5• The p r o f i le  due to  m icro -stra in s approximates t o  a Gaussian d is tr ib u ­
t io n  (y  = exp (~a2x2 ) )♦
40 -  80° 2°
80 -  150° 4°
5 , 3 .  A n a ly s i s  o f  Peak  P r o f i l e .
5 . 3 . 2e6© There i s  no sim ple r e la t io n  to  separate the e f f e c t  o f  0 and 3^ 
in  the measured broadening© H a ll and W illiamson (1 i 7) assumed th at  
th ese  two e f f e c t s  are a d d itiv e . They used the fo llow in g  exp ression :~
0 = 3 4 3T PF S ' ,
where 3 = broadening due to  c o ld  work*
/
This method o f  a n a ly s is  assumed th at both q u a n tit ie s  were rep resen ted  
by a Cauchy d is tr ib u tio n  o f  intensity©  In the above equation
A
3 = 4 2 e ta n  G
t  Cos 9
or __ 1 . 2 s S in  ,0
X
wnere< 3 ^ = 3 Cos 9
*  _ 2 S in  ©
T
Jr-
Thus a p lo t o f  3 versus &* w i l l  g ive  a s tr a ig h t l in e  r e la t io n s h ip , the 
slope o f such p lo ts  being a fu n ction  o f  s tr a in  and th e  in ter c ep t'o n  the  
3 *  a x is  being a fu n ction  o f  the c r y s t a l l i t e  size*
5.3 .2© 7, For a Cauchy s tr a in  d is tr ib u tio n , i t  can be shown th a t the mean 
squared s tr a in  i s  i n f in i t e ,  th erefore  a Cauchy s tr a in  d is tr ib u t io n  i s  
p h y sic a lly  unrealistic©  'The H al!-W illiam son method would th ere fo re  be 
s u ita b le , where c r y s t a l l i t e  s iz e  i s  th e major cause o f broadening©
Wagner and Aqua ( i 59) have used the fo llow in g  r e la t io n s h ip : -
« y 2 = « w ) 2 + ( f y 2 
( ^ ' ) 2 = -J g  + e V ) 2
t
(
5*3©2. 8© This method assumes th a t both m icro-stra in s and c r y s t a l l i t e  s iz e s  
g iv e  r i s e  to  a Gaussian d is tr ib u tio n  o f  intensity©  Therefore t h i s  method 
would be more su ita b le  where m icro -stra in s are th e  major cause o f  broadening©
5.3*3 . Method o f  applying th e  In te g r a l Breadth Method
5*3.3«1 • Since the ra d ia tio n  used was not monochromatic but c o n s isted  o f  a 
Kffj and W^ d ou blet, i t  was necessary to  separate th e  KCf ccmjjoxient© This 
was achieved by using th e  Rachingers separation  method (Appendix: 5)0 I t
Page ?0
■was assumed that 'tho in te n s ity  o f  Kc^  pm h. i s  tvdLce th a t o f  KOg peak©
Using Rackingers method th e peak was reso lv ed  out o f  th e o; doublet 
lea v in g  the K$- peak fo r  subsequent analysis©
5*3*3®2© Next H ( » )  ¥/as ca lcu lated* The t o t a l  area under the curve was
ca lcu la ted  manually by counting the area under the peak and then d iv id in g  
by th e  peak height 0 The area urider th e  curve was a lso  ca lcu la ted  u sin g  
th e A llb r it  Gompensating Planimeter©
5«3®3*3* The broadening^  due t o  the presence o f  m icro-stra in s and c r y s t a l l i t e  
s iz e s  i s  obtained by u sin g  the fo llow in g  em pirical equation developed by 
Wagner and Aqua (l 59)
V =
p s2
P jf
Where:
(3 ~ Cos Q
X
= broadening due to  c r y s t a l l i t e  s i z e ,  
and m icrostra in
{3* ~ to t a l  broadening ( c r y s t a l l i t e  s iz e ,
 ^ m icro -stra in  and instrum ental)
JM ,
I instrum ental broadening*
Commercially pure titan ium  3MX.130 annealed under vacuum at 900°C -  1 hi 
vacuum co o l was used to  correct fo r  instrum ental broadening*.
5.3®3*4* The values fo r  m icro -stra in  ® and c r y s t a l l i t e  s i z e ,  D are obtained  
using th e  fo llow in g  eq u ation :-
f 2 _ 1 j. 16 e  ^ Sin^G
I  f*q 1 • — m sm m notm am m reKa** ■ ^ ( % . ) 2  ■■ X 2 .
P lo ts  o f  (3g)^ versus (d*)^ are made* The in tercep t a t .JhJpEJL.
K 2
y ie ld s  d ir e c t ly  — and the s lo p e  i s  eqnal to  . nksre 2 S -  i d  .
(Dh ?)2 a
5 .3 .5 .  A pplication  of In teg ra l Breadth Method 
5*3*5*1* The in teg r a l breadths o f  l in e  p r o f i le s  o f  the specimen in  com m ercially  
pure titanium  subjected  to  various v/orking processes were calculated^ These 
r e s u lt s  were analysed by th e  H all-W illiam son method ( i  17) and the Wagner-Aqua
2method (1 59) - Two examples ■ of th e  v a r ia t io n s  (j3*) v e rsu s  .(d*) and (6 *) ' 
v e rsu s  (d*) a re  shown in  F ig s . 29, 30 re s p e c tiv e ly . The "best s t r a ig h t  
l in e , was drawn by th e  l e a s t  square  method u s in g  th e  com putational 
f a c i l i t i e s .  Prom th e  r e s u l t s ,  s lo p es  of th e  l in e s ,  in te r c e p ts  on th e  
(3*) and (3 *)^ were o b ta in ed .
5 .4 . E ffe c t of P re fe rre d  O rie n ta tio n  on In te n s i ty  D is t r ib u t io n  and 
In s tru m en ta l E ffe c t
5 .4 .1*  G enera lly  two methods a re  used to  a llow  f o r  th e  in s tru m e n ta l 
e f f e c t s : -
( i )  T h e o re tic a l a n a ly s is  o f the  in d iv id u a l f a c to r  c o n tr ib u tin g  to  
peak w idth and s h i f t s  such as s l i t  w id th ,■beam d ivergence  e tc .
( i i )  Measurement of the  broadening  of p r o f i le s  of v a rio u s  r e f le c t io n s  
from a w ell annealed  sample of the  m a te r ia l  under in v e s t ig a t io n .
5 .4 ,2 .  The second method i s  w idely  used s in ce  the  in s tru m e n ta l c o r re c t io n
i s  o b t a i n e d  from  t h e  a n n e a le d  and  s t r a i n  f r e e  m a t e r i a l  s a m p le .  However, 
p r e f e r r e d  o r i e n t a t i o n  c an  be a  m a jo r  s o u rc e  o f  e r r o r  i n  d e te r m i n in g  t h e  
i n t e n s i t y  o f  v a r i o u s  r e f l e c t i o n s .  F o r  exa.mple, K lug  and  A le x a n d e r  (22 i )  
h a v e  shown th e  e f f e c t  o f  p r e f e r r e d  o r i e n t a t i o n  on i n t e n s i t y  d i s t r i b u t i o n  
B i r k s  (2 2 ^ )h a s  c o n c lu d e d  t h a t  t h e  r e d u c t i o n  o f  c r y s t a l l i t e  s i z e  by 
p r o lo n g e d  g r i n d i n g  i s  t h e  m ost e f f e c t i v e  method o f  rem ov ing  p r e f e r r e d  
o r i e n t a t i o n  i n  powder m a t e r i a l s .
5«4«3* The experim en tal evidence showed th a t  in te n s i ty  d i s t r i b u t io n  of 
th e  v a rio u s  r e f le c t io n s  ob ta ined  from sh o t peened, ground su rfa c e s  o r 
sh ee t m a te r ia l v a rie d  in  com parison w ith  those  recorded  in  th e  A3TM 
Card Index and th i s  f a c to r  lead  to  some d i f f i c u l t y  in  c o r re c t in g  th e  
observed broadening f o r  in s tru m e n ta l e f f e c t s .  A sample o f t i ta n iu m  
powder was considered  u n s u ita b le  because of l a t t i c e  d i s to r t i o n  
r e s u l t in g  from oxygen a d so rp tio n . The d e ta i l s  a re  g iven  in  Appendix 8 .
5.5* E ffe c t of A nnealing Temperature on Shot Peened M a te r ia ls
5 .5 .1 ,  The e f f e c t  of ann ea lin g  tem peratu res  on the  sho t peened b lock  
specim ens, peened to  an in te n s i ty  of 0 .0 1 4A2, was s tu d ie d  in  the  
tem peratu re  range 300°C and 500°C. The b lock  specimens were sea le d  in  
an evacuated s i l i c a  tube to  p reven t o x id a tio n  of the  specimen su rfa c e  
d u rin g  h ea t tre a tm e n t. The tu b in g  c o n ta in in g  th e  sm all b lock  specim en 
was f la t te n e d  a t  one end to  reduce . v:i d i s to r t io n  d u ring  h ea t tre a tm e n t. 
The h ea t trea tm en t was c a r r ie d  out in  e l e c t r i c  m uffle fu rn aces  and the  
specimen in  th e  s i l i c a  tube were allow ed to  coo l in  th e  fu rn ac e .
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6 . RESULTS
1 . S ta t ic  Mechanical P roperties
/
6 .1 .2 ,  The r e s u lt s  of s t a t ic  m echanical p ro p erties  obtained from 
IMI. 130 and IMI.318A are shown in  ta b le s  1 and 2 respectively®
2* S u rface  P ro p e r t ie s
6 .2 .1 .  The surface treatm ent o f  titanium  p r io r  t o  s tr e s s  measurement 
i s  an important fa c to r  because titanium  has a strong a f f in i t y  for  
oxygen, and th e  oxide film  could a f fe c t  th e s tr e s s  analysis® Pre­
lim inary work in d ica ted  that e le c tr o p o lish in g  was not s a t is fa c to r y  (20) 
because i t  r e su lte d  in  changes in  th e  d if fr a c t io n  p a ttern . For surface  
preparation o f  the annealed s t r ip s ,  p rior t o  s tr e s s  a n a ly s is , in  both  
m a ter ia ls , IMI®130 and IM I.318A, chem ical m illin g  usin g  th e  fo llow in g  
so lu tio n  i s  used to  g ive  a s t r e s s  free  su r fa c e :-
HNO, 36°B 250 ml t  ^  ml
HP Ifife , 40 ml -  3 ml
H^ O ( d i s t i l l e d )  balance to  make up th e
so lu tio n  to  one l i t r e
Temp.of bath 50° -  60°C
6 .2 .2 .  The same so lu tio n  a t rocen temperature i s  used t o  remove la y e rs  
fo r  subsurface measurement. The t o t a l  removal i s  uniform even a f t e r  
repeated p o lish in g . The area used i s  la rg e  enough to  minimise a p o ss ib le  
s tr e s s  concentration  e f fe c t .
3. Micro-Hardness Testing o f  Shot Peened Surfaces
6 . 3 . 1 . Depth/micro-hardness d is tr ib u tio n  measurements were made and used  
t o  in d ica te  the presence o f  co ld  worked m aterial due to  shot peening.
The r e s u lt s  in  F ig s .if  and 3 in d ica te  the apparent in flu en ce  o f  i n i t i a l  
hardness o f  IMI.130 on subsequent s tr a in  hardening due to  shot peening  
to  an in te n s ity  o f  0 .0 1 4A2; an unrestrained Almen s t r ip  w ith a core  
hardness o f  172 HV 10 s tr a in  hardened to  a greater degree on th e  surface  
and to  a greater depth below the surface (F ig .if) compared to  the r ig id  
block with core hardness o f 127 HV 10. The r e s u lt s  in  F ig . 6 obtained  
with three d if fe r e n t shot peening in t e n s i t ie s  confirm th e e f f e c t  o f  
i n i t i a l  hardness on s tr a in  hardening in  IMI. 130. However, v/ith a duplex 
phase alpha-bet a titanium  a llo y  B1I.318A (core hardness 31 3 HV 10) s tr a in  
hardening e f fe c t s  shown in  F ig .7 were d i f f i c u l t  to  d e te c t . This could  
p o ss ib ly  be a ttr ib u ted  to  the morphology o f  alpha, beta phases in  a l lo y .
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. Measurement by X -ray Back R e f le c tio n  Technique o f 
A p p lied  and "Residual *%cro s t r e s s e s  in  IM I.130
tMOm. i.i t hi inn-nr nr . i » .fmr*, .rt > ff i> m n i      > . «  »n«> n m i r i-y -  mwitik .if iTKiroii* inft'Tmii~^ »>nm7m'«i[i"P V i i t i  i~~n rum m im
Gj j . „  •]„ The r e s u l t s  o f  a p p lie d  su rfa c e  m a c ro -s tre s s e s , m easured by X -ray 
d i f f r a c t i o n ,  s t r a i n  gauges and c a lc u la te d  by th e  bending  th eo ry  on 
bending a s t r i p  T T 2  a re  shown in  T ab le  3 and i l l u s t r a t e d  g ra p h ic a l ly  
in  FigSe 8 and 9* The s t r i p  was deformed e l a s t i c a l l y  and p l a s t i c a l l y  
in  s p e c ia l ly  designed  j ig s  (F ig *3 Photo 20 ), The X -ray  d i f f r a c t i o n  
d a ta  were o b ta in ed  u s in g  Go Ka r a d ia t io n  and ^  c a l i b r a t io n  jpwdexw 
The r e s u l t s  show th a t  w ith  th e  a p p l ic a t io n  o f  e x te rn a l lo ad s  in  th e  
e l a s t i c  ra n g e , th e  X -ray s t r e s s  v a lu e s  a re  in  good agreem ent w ith  th o se  
measured by s t r a in  gauges and c a lc u la te d  by th e  bending th e o ry . The 
curves ( F ig ,9) a ls o  show th a t  th e  o n se t o f  p l a s t i c  defo rm ation  commences 
a t  a th re s h o ld  v a lu e  o f  13-15  t o n f / in  approxim ate ly  in  bo th  te n s io n  and 
com pression in  th a t  th e  curves f l a t t e n  ou t above th i s  s t r e s s  value* The 
r e s id u a l  s t r e s s e s  m easured on th e  com pression face  o f  th e  u n c o n s tra in e d  
s t r i p  c o n d itio n , in d ic a te  th a t  th e  r e s id u a l  s t r e s s e s  do no t develop  
b e fo re  th e  onset o f p l a s t i c  defo rm atio n . The in c re a s e  in  th e  m agnitude 
o f  r e s id u a l  s t r e s s  i s  N-^ s l in e a r  v /ith  th e  in c re a se  in  p l a s t i c  s tr a in *  
B esal.ts i n  F ig s , 8 and 9 show th a t  i n  th e  e l a s t i c  range th e re  i s  good 
agreem ent between s t r e s s  v a lu es  o b ta in ed  by th e  th re e  m ethods,
6 ,4*2 , F ig ,10 shows th e  r e la t io n s h ip  between a p p lie d  su rfa c e  s t r e s s  and 
s t r a i n  on bending a second s t r i p  TT3, u s in g  Cu Ka. , Co K o and C r K a 
r a d ia t io n s  and Ag c a l ib r a t io n  powder. The r e s u l t s  o b ta in ed  w ith  th re e  
r a d ia t io n s  a re  shown in  T ables 4 - 6  and i l l u s t r a t e d  in d iv id u a l ly  fo r  
each r a d ia t io n  i n  F ig s ,1 1-13 r e s p e c t iv e ly .  The s lo p es  o f  th e 'c u rv e s  
o b ta in ed  w ith  th e  th re e  r a d ia t io n s  a re  m a rg in a lly  d i f f e r e n t  i n  th a t  th e  
s lo p es  o f  th e  cu rves o b ta in e d  w ith  Cu K a and Co K & r a d ia t io n s  a r e  
g re a te r  th a n  th o se  w ith  Cr K a  r a d ia t io n .  F u r th e r  th e  s lo p es  o f  th e  
lin e?v /ith  e i th e r  r a d ia t io n  a re  sm a lle r  in  m agnitude on th e  com pression  
face  th a n  th o se  on th e  te n s io n  fa c e . The cu rves a ls o  show th a t  w ith  
th e  th re e  r a d ia t io n s  u sed , th e  o n se t of p l a s t i c  defo rm ation  commences 
a t  ^ 13-13  t o n f / in  in  tb n s io n  and com pression,
6 . 4 r3 * ^igs *^4 “*l8 show th e  e f f e c t  o f  beam p e n e tr a t io n  u s in g  d i f f e r e n t  
X -ray wave le n g th s  on a p p lie d  s u r fa c e  s t r e s s e s  and s t r a i n  on bending 
s t r i p  TT3, S im ila r  curves a re  o b ta in e d  on bo th  te n s io n  and com pression 
fa c e s  o f  th e  s t r i p  in  th e  e l a s t i c  as w e ll a s  p l a s t i c  defo rm ation  ra n g e .
Y/ith s m a l l e r  amount o f  p l a s t i c  s t r a i n  (F ig s *  16 , 17 b e n d in g  j i g s  20°.
2 5 ° ) , th e  d if fe re n c e  in  s t r e s s  v a lu es  o b ta in ed  w ith  th re e  ra d ia tio n s
i s  not a p p re c ia b le  but w ith  a  l a r g e r  amount o f p l a s t i c  defo rm ation
(F ig . 1 8 ) , th e  d if fe re n c e  o b ta in e d  i s  d is c e rn ib le .  The r e s u l t s  in
Fig®.18 show th a t  th e  s t r e s s  v a lu e s  o b ta in ed  v /ith  Cr K CL r a d ia t io n  ' 
ffc**
C lto -v irtua lly  h a l f Ath o se  o b ta in e d  v /ith  Cu K a  r a d ia t io n .
6 , 5 .M easurem ent by X -ray Back R e f le c t io n  Technique o f  A pplied
9  m i t u t rintrr in f — nir-n t ~i - nr - t -  — • -  — -  itt— >•—-  - t  r-—— ~ *". 1 i r —» r——- ■■■ ■ " ■ "■ *—•1 mm mi t n airr I'TnT" ~ pfiTTniw i iifnrtiwnnnm« .j ~nT^ .iiii»
and Residua], h a c r o - s t r e s s e s  in  33/1
6 .5 .1 .  The r e s u lt s  o f  app lied  surface s tr e s s e s  measured by s tr a in  gauges 
and ca lcu la ted  by bending theory on bending s tr ip s  BB2 and CO3 are 
shown in  F ig s. 19 , 21. The s t r ip  CC3 was deformed both e la s t ic a l ly  
and p la s t ic a l ly  in  sp e c ia l ly  designed bending j ig s  (F ig . 2 ) . The r e s u lt s  
show th a t there i s  good agreement between th e  two method o f  s t r e s s  
determ ination.
6 .5*2 . F ig .20 shows th e  r e la t io n sh ip  between the ap p lied  su rface  macro-
s tr e s s  measured by X-ray d if fr a c t io n  and s tr a in  (fo r  both alpha and beta
phases) on bending s t r ip  BB2 in  bending j ig s .  Co K a  ra d ia tion  and Fe 
c a lib r a tio n  powder was used. The r e su lts  show that th e  curves are  
s im ila r  on the compression and ten sio n  faces o f  the s t r ip .  The r e la t io n ­
ship  i s  lin ea r  between th e  measured app lied  s tr e s s  and s tr a in  in  the  
e la s t ic  range. The measured s tr e s s  in  alpha phase are lower in  magnitude 
than those measured in  beta phase, the d iffe re n c e  in c r e a s in g w ith  in crease  
in  s tr e s s  le v e l .
6.5®3* F ig .22 shows the r e la t io n sh ip  between the surface ap p lied  macro-
s tr e s s e s  and s tr a in  (fo r  both alpha and b eta  phases) on bending s t r ip
CC3 in  sp e c ia l ly  designed j ig s .  The res id u a l m acro-stresses measured 
(fo r  both alpha and beta  phases) on the compression and ten s io n  fa ces  
a fte r  r e le a s in g  the s tr ip  from various bending j ig s  are a lso  shown. I t  i s  
to  be seen th at the applied  m acro-stresses are s im ila r  in  both phases® 
Further^ the onset of p la s t ic  deformation occurs at a s im ila r  s tr e s s  
le v e l  in  both th e  alpha and beta phases, - The r e s u lt s  a ls o  show th at 
the res id u a l m acro-stress'es on the te n s io n  as w e ll as the compression  
fa ces  are c lo s e ly  a sso c ia ted  w ith th e onset o f p la s t ic  deform ation.
The res id u a l m acro-stresses measured on the compression fa c e  g iv e  a 
higher magnitude o f t e n s i le  s tr e s se s  compared to  the r e s id u a l com pressive  
m acro-stresses measured on th e ten s io n  fa c e . Further th e le v e l  o f
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r e s id u a l  m a c ro -s tre sse s  i s  h ig h e r in  th e  b e ta  phase compared to  th e  
alpha, phase i r r e s p e c t iv e  o f  s t r e s s  measurement on th e  ten sio n , o r 
com pression faces  o f  th e  s tr ip *
6 . 6 .  Development of J ig  to  Measure M ac ro -s tre sse s  u s in g  a D iffrac to m e te r
/
6 ,6  a  . Photo 21 shows the variab le  bending j ig  developed to  measure 
m acro-stresses in  both IMI.150 and IMI£ 318Ac. This d ev ice a llow s e ith e r
i
t e n s i le  or canpressive s tr e s s e s  to  be app lied  t o  the upper surface o f  
the strip*  In order t o  ach ieve accuracy and stan d ard isa tion  fo r  measuring 
m acro-stresses the fo llow in g  major problems were reso lved :~
(a ) ra d ia l alignment o f  th e d iffractom eter
(b) parafocussing con d ition s w ith specimen in  the normal, and a t  
45° to  th e  normal, p o s it io n s
(c )  lo c a t io n  o f  the peak p o s it io n  using the 3 point parabola method 
(a) instrum ental correctio n  factor*
6 , 6 , 2 . P ig ,23 shows th e focu ssin g  geometry fo r  a f l a t  specimen in  th e  
normal, and at angle d  to  th e  normal, p osition s*  In the normal p o s it io n  
(F ig .23a ) th e d if fr a c t in g  c r y s ta l p lanes are v ir tu a l ly  p a r a l le l  to  the  
specimen surface* Vfnen the specimen i s  ro ta ted  through angle'V7 , the  
focus o f th e  beam i s  now c lo se r  to  the sample surface (F ig . 23b.)# I t  i s  
th erefore  necessary to  move forward the d e tec to r  and r ec e iv in g  s l i t s  to  
get the optimum focus p o s it io n s . For example Figure 24a shows th e  
diffractom eter traces o f  the standard s i l i c o n  d is c . I t  i s  t o  be seen  
that with the sample p o s it io n  being ro ta ted  from 'y*s 0° to  V''='4-5°» 
considerab le s h i f t  in  th e  angular p o s it io n  occurs* Further th ere  i s  a 
change in  the background le v e l  as w e ll as th e  in te n s ity  o f  the d if fr a c t in g  
planes* F ig . 24b shows the e f fe c t  o f r a d ia l alignment w ith th e  sample at V' =
45° to  the normal p o s it io n . I t  i s  to  be noted th at the d ista n ce  o f  th e  
counter tube has an important bearing on th e  parafocussing co n d itio n s .
The peak p o s it io n s  are sharper and th e  K doublet w e ll reso lved  when distance
th e  counter tube i s  co rrect. Further there i s  change in  the background 
le v e l  as w e ll  as the in te n s ity  o f  th e  d if fr a c t in g  p lanes w ith the change 
in  counter head tube d ista n ce .
6.6*3® The d iffr a c to n e ter  graces obtained subsequently from annealed  
IMI. 130 and s tr e s s  free  s i lv e r  powder are shown in  F ig . 25# The r e s u lt s  
show th at instrum ental co rrection  i s  necessary fo r  th e  correct eva lu ation  
o f s tr e s s  a n a ly s is  data*
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6 ,6 ,4 .  During the experim ental sta g es  i'tr w-as observed th a t even the  
tig h ten in g  up o f the nuts and b o lt s  a f te r  moving the counter tube to  
and fro  a ffe c te d  the peak p o s it io n s . A fter the stan d ard isa tion  o f  the 
techn iq u e, s t r e s s  free  s i lv e r  pov/der was analysed to  check for  any peak 
con tr ib u tion  from specimen ro ta tio n  through, V'= 45°* The peak p o s it io n  
o f  422 r e f le c t io n  from s i lv e r  powder occurs c lo s e ly  t o  th e specimen peak 
p o s it io n . Measurements were made at p o s it io n s  o f 422 r e f le c t io n  v/ith  
th e  specimen in  the normal, and a t  43° to  the normal p o s it io n s  r e sp e c t iv e ly .
The peak o f  the 422 r e f le c t io n  in  th e  normal p o s it io n  occurred w ith in
c o0.075 29, The deviation  obtained was -0 ,25420 and t h is  instrum ental
co rrectio n  fa c to r  was checked p e r io d ic a lly . This value has been used
throughout to  correct the experim entally  observed peak positions©
S tr e s s  F a c to r C a l ib ra t io n
6 .7 .1 .  The r e su lts  o f c a lib r a tio n  t o  determine th e s tr e s s  fa c to r  fo r  
B II.130 and BHe318A are shown in  Tables 9 and 1.0, and Figure 26. The 
s tr e s s  determined from s tr a in  gauges and ca lcu la ted  by bending theory  
i s  p lo t te d  again st peak A 20 , measured by X-ray d if fr a c t io n . The data
in  F ig , 26a were obtained by the ccxnbined use o f th e  v a r ia b le  j ig  (Photo 21) 
the bending j ig s  (F ig .2 ) ,  The data in  F ig ,26b  were obtained using th e  
v a r iab le  j ig  only. The s lop es o f  th e  l in e s  g iv e  a s tr e s s  fa c to r  o f  34
O
and 30 to n f / in  fo r  IMI.1 30 and IMI.31&A r e sp e c tiv e ly . I t  i s  to  be seen
th at th e  s lo p es  o f the l in e s  for B1I.130 shown in  F ig s .26a and 26b are
id e n t ic a l .  This ccmpares w ith th e s tr e s s  fa c to r  o f  3^*25 t o n f / in  
(70 K si) determined by E squivel (230) fo r  th e  m ateria l s im ila r  to  
B1I.318A. He, however, used a 'u' bend d ev ice  for  bending th e  s t r ip s ,  
and th is  may not g ive u n id ir e c tio n a l deform ation as in  four p o in t  
load ing.
D eterm in a tio n  o f  X -rav  E la s t ic  C o n stan ts
ini i m im n n — irr iir-Tw ' i m ri i "m  r '  — —  -mi ■■■-—- — ■ ■ ■ ■ ■■ umiwn —
6 .8 . 1 .  The r e s u lt s  for  determining th e X-ray e la s t ic  con stan ts  by th e
two exposure technique fo r  1151,130 and IMI.318A are shown in  F ig s .27 
and 28 r e sp e c t iv e ly . The theory o f  the method i s  g iven  in  Appendix 2,
The data in  Tables 9 and 10 we re used t o  p lo t  th e  change in  in terp la n  ar 
spacing against s tr e s s  shown in  F ig s . 27 and 28 fo r  both the m a ter ia ls .
The s lo p es o f  the l in e s  V  -  Oj ¥= 45° sxe calcu lated* The va lu es o f X-ray 
e la s t ic  constants thus determined are given below:
Materi a l
IMI.1 50 
UCE.318A
6 ,8<-2«. I t  i s  to  be noted th at th e value o f  ip obtained without
assuming th at the specimen i s  s tr e s s  fr e e 0
6. 9. Measurement o f  M icro-stresses in  IMI.130 using a D iffractom eter
6 .9 .1 .  The theory o f  m icro -stra in  measurement i s  g iven  in  Chapter 5« 'The
r e s u lt s  obtained by both the H all and W illiam son method., and the Wagner 
and Aqua method are shewn in  Tables 11 * 12. 14 and 15 j and shown graphical 
in  Figs* 32* 53$ 55)$ 37 and 38* F igs*29 and 30 show ty p ic a l examples o f  
determ ining m icro -stra in s by th e  two methods used* For th e H a ll and 
W illiamson method ( 0  ) against (d* ) as shown in  Fig* 29 i s  p lo t te d  w h ils t  5 :
g 2 :v-l
fo r  the Wagner and Aqua method ( p~) aga in st (d*) as shown in  F ig .30 i s  ; 
plotted* The b est s tra ig h t l in e s  are drawn by th e  le a s t  square method 
usin g  the computational f a c i l i t i e s *  The slopes'*of the l in e s  and in t e r -  
cep ts on the (@*) and ((3*')  ^ are obtained* The data obtained are fu rth er  
processed t o  get th e m icro -stra in s va lu es and c r y s t a l l i t e  s iz e s * ' Bulk 
values o f  Young* s modulus determined from th e t e n s i le  t e s t in g  i s  used to  
convert m icro -stra in  to  m ic r o -s tre sse s .
6 .1 0 . E ffe c t of p la s t ic  Deformation in  U n ia x ia l Tension on B ssidual
■  1 h i • M a t a a c o r s u a *  i - n r i T ^ — y r T t f T — T T V ’— m -r g iT r iT r i ;  i  i » r i i n n  1 i i i i m t j r n  > w n i i i m  ' m m  . 1 1  .i ~ i  1 i p  t  m i  h u m  » n m  * ■ !  n n » » b i  i w i i i r i  1  i i w p — i
Macro- and M icro -stresses , in  IMI.130
i— o i iir ^ . i i i r . n f f . i n o w s a n o t  w . w w r j ' i n p r r m . i i
i
6 .1 0 .1 . F ig . 31 shows the (r e su lts  o f m acro-stress measurements by X-ray  
back r e f le c t io n  technique using Co K o r a d ia tio n  in  both th e  lo n g itu d in a l  
and transverse d irection s*  The tensom eter t e s t  p ieces  F ig.1 were 
deformed p la s t ic a l ly  in  u n ia x ia l ten sio n . The m acro-stresses are
i v ir tu a l ly  constant in  the tran sverse d ir e c t io n  but vary in  th e  lo n g itu ­
d in a l d irection*  In the la t t e r  case m acro-stresses increased  v/ith  
in crease in  amount o f  p la s t ic  s tr a in  and fu rth er  th ese  were o f  a h igher
. magnitude than in  th e former case®
\
6 .1 0 .2 . F ig*32 shows the va lu ation  o f  macro- and m ic r o -s tre sse s  in  a 
t e n s i le  t e s t  p iece  (s^  F ig .1 )  deformed by 1Cfio p la s t ic  s tr a in  in  u n ia x ia l  
ten sio n . The m acro-stresses are com pressive a t the surface and, a fte r  
decreasing v/ith depth, became v ir tu a l ly  con stan t. The m ic r o -s tr e s se s , 
however, i n i t i a l l y  in crease  w ith depth and then remain su b s ta n t ia lly  
constant.
Young’s  Modulus P o lsson 1s r a t io
«raa.iw»»XE«iC*ubie*u*iBW3l£i
I b f / l l  X 10
16.45 .2 9 7
14.63  .375
6.11 c E ffe c t of Surface Treatments on th e  Residua]. Macro- and
n n m  irmr ~ ii' n, i t . i  i. i n rrrnrni i r»m ■wrr TfMiif  ■> i r~~ni —rr*n rr~n  ~biw  1 m'kiiit up irm n  n—T'witTr mi n 1 tiflr iniirM f Miiam  WHlfflwwrif wrTmrnir i i~ti nnrrn -> imifir>itn»mniTn»irrrTl
M icro -s tre sse s  i n  IMIolj.Qand M acro -s tresses  in  IH I«31 6A.
6 .1 1 .1 . The r e su lts  o f macro- and m icro -stress  measurements both on the  
surface and subsurface f-or IMI.130 subjected  to  a v a r ie ty  o f  deformation  
processes are given in  Tables 12-14  and shown in  F igs.3 |~38»
6 .1 1 .2 . F ig .33  shows th e in flu en ce  on th e surface macro- and m icro -stresses  
of varying the down feed  ra te  used in  grinding. Increasing  the down feed  
rate  i n i t i a l l y  causes the surface compressive m acro-stress to  in c r ea se , 
and then to  d ecrease, s t i l l  h igher ra te s  lea d  t o  a further in crea se . The 
m acro-stresses measured in  the grinding d ir e c tio n  as w e ll as orthogonal 
to  the grinding d ir e c t io n  g iv e  s im ila r  r e s u lt s .  The m icro -stresses  a lso  
show a v a r ia tio n  in  magnitude v/ith dov/n feed  r a te e The c o rre la tio n  between 
the compressive m acro-stresses and m icro -s tre sse s  i s  to  be noted; thus the  
m icro -stress  increase" as the com pressive m acro-stress in c r ea se s , and 
decreases as the m acro-stress decreases* I t  i s  b e liev ed  th at th e  shapes' 
o f  the curves are v a lid  w ith in  th e  l im its  o f accuracy.
6.11*3. F i g s .34 and 35 show the v a r ia tio n  o f  m acro-stress and m icro -stress  
r e sp e c t iv e ly , v/ith depth below su r fa ce , in  th e  ground and shot peened 
m a ter ia ls . In  ground specimen the s tr e s se s  were measured orthogonal to  
th e  grinding d ir e c tio n . The s im ila r ity  between macro- and m icro -stresses  
i s  again to  be noted. F ig . 36 shows the m acro-stress p r o f i le  in  the  
grinding d ir e c t io n . The m acro-stress subsurface p r o f i le s  in  th e  grinding  
d ir e c tio n  (F ig .36) and orthogonal to  th e grinding d ir e c tio n  ( F ig .35) are 
s im ila r .
6 .1 1 .4 . The i n i t i a l  hardness o f the specimens ground and sh ot peened to  an 
in te n s ity  0.014A2 was 128 H7 10 compared w ith  th at o f  th e specimen shot 
peened to  an in te n s ity  0.020A2 which was 190 HV 10. The specimens ground 
and shot peened to  in te n s ity  0.014A2 are seen to  develop considerably  
d if fe r e n t  surface com pressive m acro-stresses w ithout any d ifferen ce  in  
m icro -s tre sse s ; s im ila r ly , th e  two peening in t e n s i t ie s  g iv e  d if fe re n c e s  
in  the surface m acro-stresses, but not in  m ic r o -s tre sse s .
6.11.5* The in flu en ce  o f i n i t i a l  hardness may a lso  be seen in  the v a r ia tio n  
of both macro- and ra icro-stress subsurface p r o f i le s  in  the shot peened 
specimen. In th e  higher hardness m a ter ia l, both the m acro-stress and the 
m icro -stress  i s  a ffec te d  to  a far greater  depth than w ith th e  lower hardness 
m ateria l.
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6 , 11. 6, A I t  hough th e m acro-stresses in  ground specimen- change below th e  
surface from compressive to  t e n s i le  ( F ig s .34 and 36) in  the grinding  
d ir e c tio n  as w e ll as orthogonal to  the grinding d ir e c t io n , the magnitude 
in  the la t t e r  case i s  in s ig n if ic a n t .
6 . 11. 7 . F ig *37 shows th e in f lu e n c e . on th e su rface  s tr e s s e s  o f  varying the  
shot peening in t e n s i t ie s  in  both IMI.130 and IMI, 318/u In creasin g  the  
peening in te n s ity  causes the m acro-stress to  in crease  and tends to  reach  
a sa tu ra tio n  va lu e . The m icro -stresses  in  IMI.130 a lso  show a s im ila r  
v a r ia tio n  in  magnitude w ith  peening in t e n s i t ie s .  The s im ila r ity  between 
the compressive m acro-stresses and m icro -stre sse s  in  IMI.130 i s  again to  be 
noted*
6 11 8* 6 The r e su lts  o f  macro- and m icro -stresses  and c r y s t a l l i t e  s iz e s  
obtained from vapour b la s t in g , turning and m illin g  IMI, 130 are shown 
in  Table 14* I t  i s  to  be seen  that in  face end m illed  specimen both the  
macro-and m icro -stresses  are o f  higher magnitude than in  the turned ,
specimen. The le v e l  o f  m icro -stresses  in  m illed  specimen i s  approaching 
the lim it  o f  proportion a lity ' of titanium  determined in  a t e n s i le  test®
6.11 »9«Fig. 38 shows the v a r ia tio n  o f  m icro -stresses  and c r y s t a l l i t e  s iz e s  
v/ith annealing temperature of specimens shot peened to  an in te n s ity  o f  
0.014A2 in  IMI.130. The ra te  o f m icro -stress  r e l i e f  in crea ses  v/ith in crease  
in  annealing tem perature, w h ils t  c r y s t a l l i t e  s iz e s  in crease  from an in i t ia l , ,  
value o f  279 to  602 A°. The r e s u lt s  are ty p ic a l o f  co ld  worked and annealed  
m aterials*
6.11.1 0 .F ig. 39 shov/s the e f f e c t  o f  shot peening in  B£Ev3'18A. on the macro­
s tr e s s  d is tr ib u tio n  w ith depth below su rface. The surface com pressive 
s tr e s s e s  i n i t i a l l y  in crease  and then decrease w ith  depth below th e  surface*  
The blank shot peened t o  an in te n s ity  o f  0.014A2 ex h ib ited  higher subsurface  
compressive s tr e s s  than the blank peened to  an in te n s ity  of 0*018A2. The 
c o rr e la tio n  between th e  subsurface m icro-hardness ( F ig .6) r e s u lt s  and macro- 
s tr e s se s  i s  to  be noted*
6.12* Stereoscan Microscopy
Biww Tw riiii 1 im n n  i > i 11 m u  inmiiin m in i mi« i m  iwiibi imi i t i  flli i
6 .1 2 .1 . Photos 9-16 show the stereoscan  micrographs o f  th e  ground su rfaces  
o f IMI.130, w ith  d if fe r e n t down feed  ra te . Apparently th e surface damage 
has increased  with in crease in  down feed  rate (Photos 9~14) but in  comparison 
th e  surface damage i s  considerably more in  the case o f  specimen ground w ith  
down feed  rate  o f 0.003 in /p a ss  (Photos 15* 16) .
Page 80
6.1 Transmission E lectron  Micros co w
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6.13.1  * Photos 17 and 18 shcwv the e lec tro n  micrographs obtained from 
the th in  f o i l s  o f  shot peened surface in  IMI.130. The micrographs show 
the high d is lo c a tio n  d en s ity  in  the damaged subsurface reg ion . The 
s tr a ig h t and d if fu s e  bands probably correspond to  the mechanical tv/ins 
observed in  Photo 6C Photo micrograph 18 shows /that there i s  evidence  
o f  the i n i t i a l  s tages o f  substructure form ation’due to peening*
6 . 13. 2 . Photo 1 9 shows the electrornicrograph obtained from th in  f o i l  
o f  ground surface in  IMI .130 with down feed  o f  0.0005 in /p a s s . The 
d is lo c a tio n s  are arranged in  poorly developed substructure boundaries*
The d ifferen ce  in  shot peened surface (Photo 7-8) and ground surface  
(Photo 10) i s  to  be noted.
6 -1 4 . Opt i c a l  Microscopy
6 .1 4 .1 .  Photos 4 and r e x h ib i t  the  f in e  g ra in  s t r u c tu r e  of annealed  s t r i p s  
i n  IM I.130 and IK I .318A r e s p e c t iv e ly .  i
6 .1 4 .2 .  Photo 6 taken  a t  r i g h t  angle to  the su rface  shows the  d e n s i ty  of
\  .
twins in  the  damaged reg io n  of shot peened IM I,130 to  an i n t e n s i t y  of
0.014A2, The twinning d e n s i ty  decreases w ith  depth below the s u r f a c e ,
thus in d ic a t in g  the  r e l a t io n s h ip  between twinning and work harden ing  due
to  shot peening in  IMI.1 30.
6.14*3* Photos 7 and 8 show the  su rface  damage due to  g r in d in g  v /i th  down 
feed of 0.003 in /p a s s  i n  IM I.130. The deformed la y e r  i s  a s s o c ia te d  w ith  
tw inning and f u r t h e r  m icro-crack  i n i t i a t i o n  a t  the  twin i n t e r f a c e s  i s  to  
be seen. The photos were taken  orthogonal to  the ground s u r fa c e .
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This work has been concerned w ith  th e  development o f methods fo r  th e  
measurement of macro- and m icro -stresses  in  titanium  produced by various  
deformation processes used in  the production o f a ir c r a ft  components• The 
r e s u lt s  have shown th at th ese  production deformation processes g ive  r is e  
to  res id u a l macro- and m icro -stresses  and th a t th ese  s tr e s se s  can be 
accu rately  measured by X-ray d if fr a c t io n  methods. The d if fe r e n t deformation  
p rocesses produce d if fe r e n t  patterns o f  s tr e s s  d is tr ib u t io n . The res id u a l  
macro- and m icro -stresses  occur sim ultaneously in  th e  surface region s and 
vary in  a s im ilar  way in  the subsurface reg io n s, thus demonstrating th e ir  
a sso c ia tio n .
When the resid u a l s tr e s s e s  are induced by. in d u str ia l methods such as 
shot peening, machining or grinding, good agreement i s  obtained between the  
X-ray d if fr a c t io n  andmechanical methods o f measurement (19*93) ♦ When the  
res id u a l s tr e s se s  are produced by deforj/dng th e  specimen in  u n id irec tio n a l  
or u n ia x ia l ten s io n , there i s  lack o f agreement between th ese  two methods o f  
measurements o Uniform bending in  four point' fa d in g  i s  included because the  
surfaces are deformed predom inenily in  one d ir e c t io n . The presence of 
residua3, s tr e s se s  in  titanium  specimens deformed in  u n ia x ia l tension , must be 
examined, in  the l ig h t  o f  current th eo r ie s  and the o r ig in  o f r es id u a l l a t t i c e  
s tr a in s  explained .
The r e s u lt s  are d iscu ssed  in  the fo llow in g  main sec tio n s  :« .
7.1» Experimental methods.
7 .2 .  Factors a ffe c t in g  the accuracy.of macro- and m icro -stress  
measurements.
7*3. E ffec t o f deformation in  u n id irec tio n a l and u n ia x ia l ten sio n  on 
the applied and resid u a l s tr e s s e s  in  IMI 130 and IMI 313a»
7 .4 .  Proposed hypothesis to  exp la in  the crigin o f r es id u a l l a t t i c e  
stra in s  in  IMI, 130, p la s t ic a l ly  deformed in u n id irec tio n a l  
and u n ia x ia l ten s io n ,
. 7 .5 .  E ffe c t  o f surface treatm ents on the res id u a l macro- and micro­
s tr e s s e s  in  IMI 130 and m acro-stresses only in. IMI 31&A,
7 .6 ,  In d u str ia l importance o f measuring res id u a l s tr e s s e s .
7 *1 “ Exper  j me n ta l  Msthods,
The experim ental methods are d iscu ssed  i n  the  fo l lo w in g  s u b s e c t io n s : -
7 .1 .1 ,  Surface p re p a ra t io n ,  •
7 .1 .2 ,  Film and d i f f r a c to m e te r  techn iques  f o r  measuring m a c ro -s tre sse s .
7.1*3* M ic ro -s tre ss  measurements in  IMI. 130 using  a d i f f ra c to m e te r
7 .1 .1 .  Surface P re p a ra t io n ,
• '7 .1 .1*1. The su rface  p re p a ra t io n  of m a te r ia ls  depends upon the 
purpose of the  s t r e s s  i n v e s t i g a t i o n .  Often s t re s s e s  a re  measured on ground, 
sho t peened, m i l le d ,  machined, h e a t  t r e a t e d  or o th e r  su r fa ce s  which re q u ire  
no surface  p re p a ra t io n  p r i o r  to  s t r e s s  a n a ly s i s .  In  such cases the  s t r e s s  
g ra d ie n t  may be la rg e  and any m a te r ia l  removal from the su rface  may a l t e r  
the su rface  c h a r a c t e r i s t i c s  and hence obscure the  t ru e  s t r e s s  e x i s t i n g  on 
the su r fa ce .  On the o th e r  hand s t r e s s  f a c t o r  c a l i b r a t i o n  procedures and 
sub -su rface  s t r e s s  measurements req u ire  a method of p repa ring  the s u r fa c e s  
which does no t in troduce  s t r e s s e s .  Surface p rep a re  Lion techn iques  are  
g e n e ra l ly  r e q u i r e d : -
( i )  t o  ensure t h a t  the surface la y e r  examined i s  r e p r e s e n ta t iv e ,
( i i )  to  p re sen t  a smooth su rface  to  the in c id e n t  beam.
( i i i )  to  remove la y e r s  f o r  subsurface  measurements v/ith  depth below 
the surface,.
. 7 .1 .1 .2 .  S t re s s  measurement by X-r.ay method, invo lve  d i f f r a c t i o n  
from a su rface  la y e r  only a few microns th ic k .  F le e t ro p o l i s h in g  has been 
considered  by various  workers to  provide a f a s t  s t r e s s  f r e e  removal o f  m etal 
s u r fa c e s ,  as compared to  chemical .nu ll in g  which i s  a slow process o f  su rface  
removal. E lec t ro p o l ish in g  of t i ta n iu m  has been shown to be u n s a t i s f a c to r y  (2 0 ) 
because i t  r e s u l t s  in  changes in  the d i f f r a c t i o n  p a t t e r n .  N everthe less  
removal of oxide f i lm  from t i tan iu m  p r io r  to  s t r e s s  a n a ly s is  i s  an im portan t 
f a c to r ,
7 *1 . 1 «3 . f o r  f a s t  removal of m a te r ia l  f o r  a p p l ie d  s t r e s s
ixit? as u r  e me n t  s on both  IMI.1 30 and IMI.31 8A a HN07/UF s o lu t io n  a t  tem peratu re  
oof 50-60 C. has been shown to be s a t i s f a c t o r y  to  give a s t r e s s  f r e e  s u r f a c e .  I___ 
In  o rder to  p reven t any s t r e s s  r e l i e f  r e s u l t i n g  from la y e r  removal f o r  sub­
su rface  measurements, the same s o lu t io n  i s  used  a t  room tem p e ra tu re .  Al­
though the p rocess  i s  slow, n e v e r th e le s s  i t  ensures t h a t  m a te r ia l  removal i s  
uniform even a f t e r  re p e a te d  p o l ish in g  over a la rg e  a rea  thus avo id in g  any 
s t r e s s  c o n c e n tra t io n  e f f e c t ,
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7 .1 ,1 * 4 . The experim ental evidence .showed th a t  f o r  measuring 
m a cro -s tre sses  in  t i ta n iu m ,  by the f i lm  method, c a r e fu l  s e l e c t io n  of m ate ria  
in  the  c ross  r o l l e d  c o n d i t io n  i s  e s s e n t i a l  to  minimise p re fe r re d  o r i e n ta t io n  
Hov/ever, t h i s  c o n s id e ra t io n  i s  not n ecessa ry  f o r  measuring s t r e s s e s  w ith  a 
d i f f r a c to m e te r .  Thus s u i ta b le  s e le c t io n  of m a te r ia l s ,  coupled w ith  c a r e fu l  
su rface  p re p a ra t io n  p rocedure , has made i t  p o s s ib le  to measure m acro -s ires  fie 
in  IM I.130 and IM I.318A by the back r e f l e c t i o n  te ch n iq u ec
7 .1*2 . Film and D iff rac to m e te r  Techniques f o r  Measuring M acro -S tre sse s .
7 .1 .2 .1 .  For measuring m acro -s tre sses  in  m a te r ia l s  which y i e ld  
sharp X-ray d i f f r a c t i o n  l i n e s  w ith  e x c e l le n t  peak to  background r a t i o ,  the 
measurement by the  f i lm  and d i f f r a c to m e te r  methods a re  equallvr good. For 
example, th e  m a c ro -s tre sses  measured in  both  IMI.130 and IMI.318A s t r i p s  
(F ig s .  9 , 20, 22 and 26 ) by the two methods give comparable r e s u l t s .  Trie 
s t r i p s  were deformed by fo u r  p o in t  load ing  i n  the  e l a s t i c  as w e ll  as p l a s t i c  
deform ation ranges .
7 .1 .2 .2 .  The d i f f r a c to m e te r s ,  hov/ever, have a d i s t i n c t  advantage 
over the  f i lm  method f o r  measuring m a c ro -s i re s s e sy v i th  g re a te r  accuracy-#rom 
broadened and d i f fu se d  d i f f r a c t i o n  l i n e s .  For example, i t  was im possib le  to  
measure m acro -s tre sse s  by the  f i lm  method in  both, m a te r ia ls  TMI.13O or IMI, 
318A which e x h ib i te d  d i r e c t i o n a l i t y ,  o r  when the  specimen was su b jec ted  to  
v a r io u s deform ation modes, i . e .  sh o t  peening , machining or g r in d in g .  In  
such c a se s ,  l i n e  broadening or l i n e  s h i f t  can only be measured us ing  
d i f f ra c to m e te r s .
7 .1 » 2 ,3 .  There i s  co n s id e rab le  sav ing  of time f o r  measuring 
m acro -s tre sses  in  s im i la r  types of specimens, u s ing  the  d i f f r a c to m e te r  
compared to  the  f i lm  method. For example, m acro -s tre sses  in  i d e n t i c a l  
specimens can be measured in  1 -2  hours u s in g  the d i f f r a c to m e te r  compared 
to  3 -6  hours needed in  the  f i lm  method f o r  exposing , developing and a n a ly s in  
6 f i lm s  f o r  each s t r e s s  measurement.
7 . 1 . 2 . A. The data  using the d i f f r a c to m e te r  i s  p r in te d  ou t on 
te le ty p e  machine, which can be f e d ’in to  the  computer programming f o r  
subsequent s t r e s s  a n a ly s is  compared to  the  f i lm  method where a l l  the  f i lm s 
have t o  be analysed  manually and a n a ly s is  by computer i s  n o t  p o s s ib le .
7*1.2.5* The conven tional d i f f r a c to m e te r ,  however, s u f f e r s  
from the  al : d isadvantage t h a t  only sm all and f l a t  specimens can be
examined. For s t r e s s  f a c to r  c a l i b r a t i o n  f o r  b o th  IMI.130 and IMI.318A 
(F ig . 2 6 ) ,  a s p e c ia l  bending j i g  had to  be designed f o r  p a ra fo cu ss in g .
S im i la r ly ,  f o r  hand ling  com plicated  shapes and d i f f e r e n t  s i z e s ,  other-
s p e c ia l  bending f i x t u r e s  may be necessa ry . V/ith the  f i lm  method, the re  i s  
no such l i m i t a t i o n  in  t h a t  wide range of specimen s iz e s  w ith  convex o r 
concave surfac 'es can be in v e s t ig a te d .
7 .1 .2 .6 .  V/ith th e  conven tiona l d i f f r a c to m e te r  th e re  i s  a 
f u r t h e r  l i m i t a t i o n  on the an g u la r  range 20  over which m acro -s tre sses  can 
be measured. For accuracy in  m acro -s tre ss  measurement, r e f l e c t i o n s  
occu rr in g  a t  h igh Bragg angle  (well above 130° 20) a re  re q u i re d  to  be 
analysed . The maximum usab le  angu la r  range i s  up to  160° 20 compared 
to  the  f i lm  method where th e re  i s  no such l im i t a t i o n  and r e f l e c t i o n s  o ccu rr­
ing above 160° 20 can be in v e s t ig a te d .  For example fo r  measuring macro­
s t r e s s e s  in  IM I.130 and IM I.318A, 213 r e f l e c t i o n s  occu rr in g  a t  139*4° 20 
angu lar p o s i t io n  w ith  Cu K& r a d ia t io n  could  only be used w ith  conven tiona l
d i f f r a c to m e te r s .  On the o th e r  hand, v /ith  the f i lm  method, th e  006 r e -
0f l e c t i o n  occurring  a t  1 6 1 .4  20 angu lar  p o s i t io n  were used f o r s t r e s s  a n a ly s is
in  IM I.130.
7.1 .2 .7 .  V/ith th e  f i lm  method, r a d i a t i o n  can be changed v/ith 
co n s id e rab le  ease compared to  th e  d i f f ra c to m e te r  where co nsiderab le  time 
i s  necessa ry  f o r  a lignm ent purposes. For example, the e f f e c t  of beam 
p e n e t r a t io n ,  on surface  s t r e s s e s  u s ing  d i f f e r e n t  X-ray wave le n g th s  (F igs .
14—1 8) was in v e s t ig a te d  v/ith  co n s id e rab le  ease us ing  the f i lm  method. I t  
i s  e a s i e r  to  d e te c t  o th e r  e f f e c t s  such as  p re f e r r e d  o r i e n t a t i o n ,  g ra in  s iz e  
changes or r a d i a l  s t r e a k in g  oc-ciming probably  due t o  oxygen a d so rp t io n  In  
the l a t t i c e  during h e a t  t re a tm e n t  ( d e t a i l s  Appendix 7 ) .
7 .1 .3*  M ic ro -s tre ss  Measurements in  IM I.130 us ing  a D if f ra c to m e te r .
■ 7 .1 .3 * 1 .  The experim en ta l evidence o b ta ined  by the X-ray back 
r e f l e c t i o n  technique shows th a t  the  double t v/as re so lv ab le  i n  ben t s t r i p s  
of IMI.I.3O and IMI.318A, bo th  in  the  e l a s t i c  and p l a s t i c  deform ation  ranges .
On the o th e r  hand a Ka double t could  n o t  be observed from sh o t  peened or 
machined IMI. 130/ lM I .31 8A.
7 .1 .3 .2 .  The r e s u l t s  in  Tables 12-13 and F ig s .  33“35 an& 38 
show th a t  sho t peening , g r in d in g , machining and vapour b l a s t i n g  o f  IM I.130 
produced a h igh  magnitude of m ic ro -s t re s se s  w ith  corresponding  sm a lle r  
c r y s t a l l i t e  s i z e ,  thus r e s u l t i n g  in  broadening o f  the d i f f r a c t i o n  l i n e  
' p r o f i l e s  w ith  long  ’t a i l s ’ consequen tly  l i a b l e  to  be l o s t  in  the background.
7 .1 .3 .3 *  The back r e f l e c t i o n  f i lm s  ob ta ined  from r o l l e d  and 
annealed sh e e t  m a te r ia l  in  IMI.1 30 and IMI.318A e x h ib i t in g  d i r e c t i o n a l i t y ,  
showed th a t  d i f f r a c t i o n  l in e s  could not be observed. I t  was b e l ie v e d  th a t  
d i r e c t i o n a l i t y  a f f e c t e d  the i n t e n s i t y  d i s t r i b u t i o n  of the l i n e  p r o f i l e s  used 
f o r  determ ining m a c ro -s tre sse s .  F u r th e r  experim en ta l evidence showed t h a t
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p re fe r re d  0r i e 21ta t i .cn  produced by v a r io u s  deform ation modes a f f e c t e d  the  
i n t e n s i t y  d i s t r i b u t i o n  of l in e  p r o f i l e s .  The d e t a i l s  of th e  e f f e c t  of 
p re fe r re d  o r i e n ta t io n  on th e  i n t e n s i t y  d i s t r i b u t i o n  are  g iven  in  Appendix 
8. From t h e s e / d i v e r s i f i e d  r e s u l t s  i t  i s  b e l ie v ed  th a t  d i f f e r e n t  deform ation  
modes occur in the p l a s t i c  deform ation of IMI.130 and c a r e fu l  i n t e r p r e t a t i o n  
of da ta  i s  n ecessa ry  w h i l s t  measuring r e s id u a l  s t r e s s e s  i n  t i ta n iu m .
t-L
7 .1 .3 - 4 .  Titanium has ^ s tro n g  a f f i n i t y  fo r  oxygen making i t  
d i f f i c u l t  to  ob ta in  oxygen f r e e  t i ta n iu m  metal powders* During an n ea lin g  
trea tm ent In  vacuum, oxygen  i s  adsorbed in  th e  l a t t i c e  producing d i s t o r t i o n .
I t  i s  th e re fo re  d i f f i c u l t  to  o b ta in  s t r e s s  f r e e  t i ta n iu m  powder necessa ry  
f o r  the ev a lu a t io n  o f  in s tru m en ta l  c o r r e c t io n  f o r  m ic ro - s t r e s s  a n a ly s i s .
These observa tions  are  i n  agreement v/ith the  experim ental evidence o f  
Huany (216 ) ,  and Schoening and W itt  (217 ) who have shown the in f lu en c e  
of oxygen on the  i n t e n s i t y  of the d i f f r a c t i o n  l i n e s  and on l a t t i c e  d i s ­
t o r t i o n .
7.1.3*f?. Recourse was th e re fo re  made to  use b lock t i ta n iu m  f o r  
ob ta in in g  in s tru m e n ta l  broadening c o r r e c t io n .  F u r th e r ,  the  use of b lock 
m a te r ia l  was considered, d e s irab le  to  i n t e r p r e t  th e  r e s u l t s  of micro-is t r e s s  
a n a ly s is  f o r  p r a c t i c a l  a p p l i c a t io n s .
■ 7 .1 .3 .6 .  For determ ining  in s tru m en ta l  broadening 111.130 c ross  
r o l l e d  sh ee t  m a te r ia l  was used. G enera lly , H.C.P. m etals  give p r e f e r r e d  
o r i e n ta t io n  and i t  i s  d i f f i c u l t  to  remove p re fe r r e d  o r i e n ta t io n  te x tu re  
by annea ling  or c r o s s - r o l l i n g .  The sh e e t  m a te r ia l  was, though, c ro s s ­
r o l l e d  to  give an equiaxed g ra in  s t ru c tu re  shown in  Photo 4 , b u t  some 
p re fe r re d  o r ie n ta t io n  s t i l l  e x is te d .  F u r th e r  experim ental evidence showed 
th a t  the i n t e n s i t y  d i s t r i b u t i o n  of the  various  r e f l e c t i o n s  v a r ie d  in  com­
p a r iso n  w ith  those recorded  in  the  ASTM card  index . This i s  to  be expected 
s ince  da ta  recorded  in  the  ASTM card  index i s  ob ta ined  from powder m a te r ia l  
w ith  complete random o r ie n ta t io n  compared to the block m a te r ia l s .  This
f a c to r  le d  to  d i f f i c u l t y  in  c o r r e c t in g  the observed broadening f o r  i n s t r u -
2
mental e f f e c t s .  However, the  v a r i a t io n  of P* and values o b ta ined  was
w ith in  -  $0 of the mean v a lu e .  This i s  w i th in  the  l im i t s  of accuracy  In  
measuring m ic ro -s t re s se s  and as such d id  no t in troduce  s e r io u s  e r r o r s .
7 .1 .3 .7 .  The in t e g r a l  b read th  method, was used to  measure 
r e s id u a l  m ic ro - s t r e s se s  in  IM I.130 a f t e r  tak in g  in to  c o n s id e ra t io n  i n t e n s i t y ,  
overlapp ing  r e f l e c t i o n s  and the  absence of m u lt ip le  o rder of r e f l e c t i o n s .
The r e s u l t s  were analysed  both by the  Wagner and Aqua method ( l 59) and the 
H all and Williamson method (117.) (see page 70 ) . The former method was
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used f o r  the m ic ro -s t re s s  r e s u l t s  shown i n  F ig s .  33~35 38 bu t r e s u l t s
ob ta ined  by both the methods are  shown in  t a b le s  12-15* The r e s u l t s  ob ta ined  
by the Wagner and Aqua method, f o r  ground IM I.130 w ith  down fe e d  of 0«C03 i n /
pass (Fig. 33 ta b le  12) give m ic ro - s t r e s s  va lues  of 25 .4  to n f / in ^  compared
2 / w ith  the 18.5 t o n f / i n  o b ta ined  by the H a ll  and Williamson method. The
photomicrographs (photos 7 and 8 ) show t h a t  g rin d in g  caused m ic ro -c rack ing
on th e  su rface  in  s p i te  of the  p resence of compressive m a c ro -s t re s s e s ,  -The
experim ental observa tions  show th a t  g r in d in g  might have r e s u l t e d  in  m icro-
r  A p
s t r e s s  va lues  w ell above the  l im i t  of p r  op or t i  0 roA T y  ( s- ^ 2 3 ,0  t o n f / i n ' , '  
ta b le  1 ) determined by t e n s i l e  t e s t i n g ,  th u s  causing  m ic rc -c rack in g . There­
fo re  the Wagner and Aqua method has been conside red  to  give m ic ro -s t re s s  
va lues  in  b e t t e r  agreement w ith  the  o th e r  experim enta l evidence than  the  
va lues  given by the  K a i l  and Williamson method. In order to  o b ta in  
co n s is te n cy  in  r e s u l t s ,  the b e s t  s t r a i g h t  l i n e s  were drawn by the l e a s t  
square method using  the  computer.
7 .2 ,  Factors ' A ffec t in g  che Accuracy o f Macro- and M icro -S tress  Measurem en ts . 
7 .2 .1„  Accuracy of Macro S tr e s s  Measurement,
7 .2 .1 .1 .  The accuracy of m a c ro -s tre ss  measurements us ing  the 
d i f f r a c to m e te r  depends upon the  fo llow ing  f a c t o r s : -
(l.) Specimen p re p a ra t io n  and su rface  roughness.
( i i )  D if f rac to m e te r  alignment^
( i i i )  Location of d i f f r a c t i o n  peaks.
( iv )  S t r e s s  f a c t o r .
(v) E l a s t i c  C onstants .
7 .2 .1 .2 .  The e f f e c t  o f  su rface  p re p a ra t io n  p r i o r  to  s t r e s s  
measurement has been d iscu ssed  in  the beg inn ing  of the d is c u s s io n .  The
i
a c tu a l  s t r e s s  measurement depends to  some e x te n t  on the degree of surfa.ce 
roughness. T a ira  and Arima (217) have shown th a t  the  r e s u l t s  can be in  
e r r o r  by 1 -  2/ .
7 .2 .1 .3 .  D iff rac to m e te r  Alignment
The d i f f r a c to m e te r  a lignm ent i s  c a r r i e d  out to ensure  t h a t  the  
divergence s l i t ,  goniometer ax is  and the r e c e iv in g  s l i t s  a re  in  l in e  when 
26 = 0, The d i f f r a c to m e te r  a lignm ent c a r r ie d  o u t ,  us ing  s i l i c o n  d i s c ,  f o r
the 311 and 533 r e f l e c t io n s  p t  5^ . 1 ° 29 and 136*9° 26 r e s p e c t iv e ly  gave a
+  0  ‘accuracy of -  0,005  29 of the t r u e  angu lar p o s i t io n .
Counter Track Alignment 
The specimen i s  re q u ire d  to  be p o s i t io n e d  a c c u r a te ly  sc t h a t  
i t  co n ta in s  the l in e  of the  goniometer a x i s .  D ire c t  d isp lacem ent from
n
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t h i s  ax is  f o r  a f l a t  sample and d i r e c t  displacem ent due to  cu rva tu re  of 
the sample w i l l  both in troduce  e r r o r s .  Both sources of e r r o r s  were 
c a r e f u l ly  c o n t ro l le d  w h i l s t  measuring m a cro -s tre sses  in  IM I.130 and 3l6Ae
The e f f e c t  o f  curved su r fa ce s  could n o t  be f u l l y  ev a lu a ted ,/
The coun ter t r a c k  alignm ent i s  c r i t i c a l  and s e r io u s  e r r o r s  can/
be in tro d u ced  in to  s t r e s s  measurements. For o b ta in in g  th e  b e s t  fo c a l  
p o s i t io n ,  the re c e iv in g  s l i t s  and coun ter  moved forward along tbs- t r a c k .  
The e f f e c t  of coun te r  t ra c k  movement f o r  s i l i c o r u d i s c  f o r  333 r e f l e c t i o n  a t  
V. - 4 5 °  i s  shown in  f ig u r e  24 (A) . The d is tance  AB by which the coun te r  and 
re c e iv in g  s l i t s  must be moved forward i s  given by the fo l lo w in g  r e l a t i o n s h ip
C os ( )
AB -  R -  R 7 7  D e ta i l s  s e c t io n  4.3*C os ( \>/ -  (p )
For IM I.130 and IMI.318A us in g  213 r e f l e c t i o n  and cu K<x , the
re c e iv in g  s l i t s  and coun ter  must be moved by 93mtn from R = 173 nun (rad ius
of goniometer c i r c l e ) .  I f  the movement i s  l e s s  than the  c a lc u la te d  d is ta n ce
asymm etrical peaks s im i la r  to  t h a t  shown in  F ig , 24(c) f o r  s i l i c o n  d i s c ,  can
occur v/ith drop in  i n t e n s i t y .  On the o th e r  hand i f  the movement i s  s l i g h t l y
g r e a te r  than  the c a lc u la te d  d is ta n c e ,  symmetrical peaks bu t with reduced
in t e n s i t y  r e s u l t .  Therefore i t  i s  a b s o lu te ly  n ecessa ry  t h a t  the  re c e iv in g
s l i t s  and coun ter  a re  moved accord ing  to  the c a lc u la te d  d is ta n ce  when theo
. specimen i s  r o t a t e d  through
7 .2 .1 .4 .  Location  of D if f r a c t io n  Peaks.
On the 'two-exposure" tech n iq u e ,  th e  ' th r e e  p o in t  parabola* 
method (19 ) of peak lo c a t io n  i s  u sed . K e lly  and Short (i 93) have p o in te d  
out t h a t  th e re  w i l l  be s t a t i s t i c a l  e r r o r s  in  the  c a lc u la te d  d i f f r a c t i o n  
ang les  due to  random coun ting  e r ro r s  in  the measurement of X-ray d i f f r a c t i o n  
i n t e n s i t i e s .  They have d e r iv ed  an eq uation  g iv in g  the s tan d a rd  d e v ia t io n  in  
the r e s id u a l  s t r e s s e s  due to . random counting  e r r o r s ,  Kirk (188 ) has shown
t h a t  the t o t a l  e r r o r  o f  p re c is io n  f o r  the  quenched and tempered s t e e l  i s
• 2 2 
1 t o n / in  , t h i s  va lue  i s  reduced to  •§- t o n / i n  f o r  the annea led  s t e e l  v/ith
;a r e l a t i v e l y  sharp peak, »
A d d itiona l e r r o r s  can , however, r e s u l t  due to  i n s t a b i l i t y  of 
X-ray so u rce ,  and by v a r i a t io n s  in  the  e f f i c i e n c y  of the m onitoring  system. 
Increase  in  p re c is io n  cannot^ be achieved simply by tim ing very  la rg e  number 
of counts as these  a d d i t io n a l  e r ro r s  may in c re a se  with tim e.
F u r th e r  c au t io n  i s  needed in  the peak lo c a t io n  s t r a t e g y  us ing  
the th re e  p o in t  parabola  method. This may work very w ell when the peaks 
are sym m etrical, such as q u ite  broadened peaks occurring  due to  sh o t  peen­
ing  or in  h igh s t r e n g th  m a te r ia ls  ( fo r  example BS S 99. o r  maraging s t e e l s ) .
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; The technique i s  a lso  s u i ta b le  f o r  annea led  m a te r ia ls  where the peaks a re  
sharp . However, in  between these  c o n d i t io n s ,  th e re  may be a re a s  where 
the  l i n e s  are  no t q u i te  re so lv ed  and the  peaks may be asym m etrical. Ah 
a ttem pt to  f i t ; the  parabo la  to  asym m etrical peaks may s h i f t  the  curve 
where the th re e  p o in ts  a re  taken , Kirk (1 8 8 ) has recommended t h a t  e r r o r s  
i n  peak lo c a t io n  to  the symmetrical data may be reduced by u s in g  two th re e  ,
p o in t  e s t im a te s .  The f i r s t  e s tim ate  g ives the approximate peak p o s i t io n ;  j
t h i s  p o s i t io n  i s  then  used as the  cen tre  f o r  the second e s t im a te .
7 .2 .1 .5 ,  S t r e s s  F ac to r  C a l ib ra t io n .
The r e s u l t s  of s t r e s s  f a c t o r  c a l i b r a t i o n  f o r  IM I.130 
and IM I.138 us in g  the  d i f f r a c to m e te r  are shown i n  F ig , 2 6 , The s t r e s s  
f a c to r  can be determined ex per im en ta lly  o r  c a lc u la te d  t h e o r e t i c a l l y  and 
the accuracy of s t r e s s  depends upon t h i s  f a c t o r .  In o rder t o  prec lude the 
in f lu en ce  of com position, s t r u c tu r e  or p re fe r re d  o r i e n ta t io n ,  i t  i s  
d e s i r a b le  t h a t  c a l i b r a t i o n  specimens should be in  a s im i la r  m e ta l lu rg ic a l ,  
co n d it io n  and be of the  same chemical composition as th a t  of the component.
For determ ining s t r e s s  f a c to r  ex p e r im en ta l ly ,  the c a l i b r a t i o n  
specimen can be s t r e s s e d  as f o l lo w s : -
( i )  By the fo u r  p o in t  load ing  device in  f ix e d  bending j i g  as shown 
ill F ig . 2 or in  a v a r ia b le  j i g  shown in  photo 21.
( i i )  By d i r e c t  te n s io n  d e v ic e s : f o r  app ly ing  s t r e s s e s  to  reasonable  
. s iz e  specimen, the te n s io n  devices have t o  be r e l a t i v e l y  massive 
and may n o t  a llow  c a l i b r a t io n  to be extended i n to  the  compression 
reg io n .
( i i i )  By tap e red  c a n t i l e v e r  beam suggested  by French and MacDonald (190) 
which on bending e x h ib i t s  uniform lo n g i tu d in a l  s t r e s s e s  a long  
the beam. This does n o t  o f f e r  any p a r t i c u l a r  advantage over the  
fo u r  p o in t  bending device and has the marked d isadvan tage  o f  
r e q u i r in g  the  machining of a r e l a t i v e l y  com plicated  specimen. 
Therefore f o r  s t r e s s  f a c t o r  c a l i b r a t i o n ,  th e  fo u r  p o in t  lo ad in g  
devices shown in  F ig , 2 and photo 21 have been used.
The r e s u l t s  of s t r e s s  f a c to r  determ ined ex p e r im en ta l ly  i n  the 
e l a s t i c  range i s  g e n e ra l ly  a p p l ie d  to measure re s id u a l  macro -  s t r e s s e s  in  
f in i s h e d  components su b jec te d  to  p l a s t i c  f lo w  r e s u l t i n g ,  f o r  example, from 
machining o r shot peening o p e ra t io n s .  The deform ation c h a r a c t e r i s t i c  of 
the m a te r ia l  when ben t in  fo u r  p o in t  lead in g  d e v ic e , o r  p u l le d  in  u n ia x ia l  
te n s io n  are  d i f f e r e n t  from those of machined o r  sho t peened s u r f a c e s .  On 
e i t h e r  s ide  of a bent beam, the o u te r f ib r e s  a re  s t r e s s e d  predom inantly  in  
one d i r e c t i o n ,  namely, p a r a l l e l  to  the n e u t r a l  a x i s .  I f  the beam i s
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deformed p l a s t i c a l l y  and then unloaded, sp ringback  o f the e l a s t i c a l l y
s t r a in e d  i n t e r i o r •throws the s ide  which was in  te n s io n  during  bending in to
compression. However, the p l a s t i c  flow in  sho t peened m a te r ia l s  occurs in
many d i r e c t io n s  a t  once and in  a d d i t io n  the p l a s t i c  flow v a r ie s  w ith
machining o p e ra t io n s .  F u r th e r  p l a s t i c  deform ation cannot be entire3.y
e lim in a te d  in  s t r u c t u r a l  p a r t s  undergoing se rv ice  lo a d in g s ,  and thus
i t  i s  im portan t to  know th e  e x te n t  t o  which p l a s t i c  deformation .a f f e c t s
r e s id u a l  s t r e s s  measurements in  these  p a r t s .
I t  i s  g e n e ra l ly  accepted  t h a t  X-ray . . .d iffraction  techniques
measure, only e l a s t i c  m a c ro -s tre sse s .
F u r th e r  the  s t re n g th  of the m a te r ia ls  in  the work hardened
reg ions  i s  co n s id e rab ly  in c reased  compared to  th e  s t r e n g th  of the m a te r ia l .
T here fo re , th e  measured r e s id u a l  m a cro -s tre sses  on the su rface  of work
hardened su rface  would r e f l e c t  th e  su rface  c o n d i t io n ,  r a th e r  th an  the  a c tu a l
m a te r ia l .  For example, in  sh o t  peened IM I , i30, r e s u l t s  i n  F ig .  37 show th a t
2r e s id u a l  m ac ro -s tre sse s  measured on the su rface  are 28 -- 32 t o n / i n  , compared
2to  the  l i m i t  o f  p ro p o r t io n a l i ty  of 23*0  to n / in "  determined in  a t e n s i l e  t e s t  
Table 1 ,  F u r th e r  the r e s u l t s  in  F ig s .  9 t o  13 show t h a t  the X -ray l i m i t  of 
p r o p o r t io n a l i ty  i s  only 13 ~ 15 t o n f / i n  . Thus i t  i s  b e l ie v e d  t h a t  h ig h e r  
r e s id u a l  m a c ro -s tre sses  measured in  sho t peened m a te r ia l  must be a s s o c ia te d  
w ith  h ig h e r  t e n s i l e  s t r e n g th  and y ie ld  s t re n g th  of the su rface  la y e r s .  I t  
must be remembered t h a t  X-ray d i f f r a c t i o n  techn iques  measure su rface  s t r e s s e s  
up to  only  few microns below the su rface  depending upon the  r a d i a t i o n  used. 
A pparen tly , the use of s t r e s s  f a c to r  determined ex p er im en ta l ly  using  u n i ­
d i r e c t io n a l  or u n ia x ia l  te n s io n ,  i n  the  e l a s t i c .ra n g e , may le ad  to  e r r o r s  
in  the  e v a lu a t io n  of s t r e s s e s  in  p l a s t i c a l l y  deformed m a te r ia l s .  Thus, f o r  
c o r r e c t  e v a lu a t io n  of r e s u l t s  in  p l a s t i c a l l y  deformed m a te r i a l s ,  i t  i s  de­
s i r a b le  to determine s t r e s s  f a c to r s  u s ing  specimen having d i f f e r e n t  types of 
p l a s t i c  s t r a i n .
The component of s t r e s s  ^  i s  r e l a t e d  to  the an g u la r  p o s i t io n
of the d i f f r a c t e d  beam by the fo llow ing  equation
CT (on on \  C o t  0  -  E  .  1 ,  C o t  9  E 1(0 = (2 9 1 -  29..-J — - —  ——-yr— •••yv-p  where K = — r—  . —  . — —y. -1- \J/' 2 1 + V  S m ^  2 v, + v  Sin W
The c o n s t a n t  K i s  t h e  s t r e s s  f a c t o r .  I t  i s  g e n e r a l l y  assum ed  
t h a t  C o t  0 te rm  i s  c o n s t a n t  b u t  t h i s  a s su m p t io n  may in d u c e  s e r i o u s  e r r o r s  
i n  e a ch  s t r e s s  c a l c u l a t i o n s  where t h e  o r i g i n a l  peak  h a s  s h i f t e d  due t o  
d e fo r m a t io n  on s t r a i n i n g  o f  th e  sp ec im en .  T h is  a p p ro x im a t io n  may in d u c e  
l i t t l e  e r r o r  when th e  s t r e s s  l e v e l  i s  low, up t o  20 t o n f / i n ’ b u t ,  a t  h i g h e r  
s t r e s s  l e v e l  r a n g e  th e  e r r o r s  i n t r o d u c e d  may be c o n s i d e r a b l e .  F o r  exam ple
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when measuring m a cro -s tre sses  in  IMI, 13'0 us ing  213 r e f l e c t i o n  a t  13 9*4 
20  angu lar  p o s i t io n ,  the  maximum peak sh if ty  of 0 ,5 °  Table 9 w il l- in d u ce  
a sm a lle r  e r r o r  compared to  IM I.318A a h igh  s t r e n g th  m a te r ia l . '  In  t h i s  
case f o r  a maximum peak s h i f t  o f 1 , 6° 20 (Table 1 0 ) the e r r o r  w i l l  in c rease  
th ree  tim es. This i s ,  however, the  case fo r  specimen deformed i n  fo u r
_ op o in t  bending devices b u t  is" sh o t  peened m a te r ia l  where a peak s h i f t  of 1 *7 /
has been observed , the  e r r o r  v / i l l  f u r t h e r  increase ,,
The e r r o r s  can p o s s ib ly  be reduced by making the change in
peak lo c a t io n  as la rg e  as p o s s ib le  f o r  a given s t r e s s  l e v e l e This can be
done by making the angle of r o t a t i o n  V as la rg e  as p o s s ib le  thereby
1reduc ing  the term -— 5—  or by s e le c t in g  29 so la rg e  as to  reduce the
Sin tCot Q term. There a r e ,  however, p r a c t i c a l  l im i t a t i o n s  in  t h a t  16O.O 29 
and V- = 6 0 ° are co n s id e red  to  be th e  maximum usable v a r ia b le s  u s in g  the 
conventional d i f f r a c to m e te r s . The a l t e r n a t iv e  method may be t o  convert the 
peak 20  to  d and use the c u r re n t  exp ress ion  t h a t  s t r e s s  i s  p ro p o r t io n a l  to 
A d .
For measuring m acro -s tre sses  by th e  X-ray back r e f l e c t i o n  te c h ­
nique . the  fo llow ing  ex p ress io n  i s  u sed :-
Cosec 0 = ff (1 + v )  Sin2 '!' ,  _ _ l_ ____ , : ,
• T . E Sin S in  Q j_  j
In t h i s  e x p re ss io n  th e  s t r e s s  f a c t o r  K -  -.--p-§HL£=L. ^ Sm2 \j/
c a lc u la te d  t h e o r e t i c a l l y  and s im i la r  e r r o r s  invo lv ing  the Bragg a n g le ,  as 
d iscussed  in  the proceed ing  paragraphs using  d i f f ra c to m e te r  m a y .a r ise .
. In  the f i lm  method, i f  K Cfc d oub le t  i s  removable, th u s  s e r io u s  
e r r o r s  do n o t  occur. For example, i f  the  v e rn ie r  read in g s  a re  in  e r r o r  by 
1 mm 2 mm the e r ro r s  in  f i n a l  s t r e s s  va lue  w i l l  be w i th in  the s c a t t e r  of 
p o in ts  on the Cosec ©/Sin \i/ graph. For measuring m a c ro -s tre sses  bo th  in  
the e l a s t i c  and the  p l a s t i c  deform ation  ran g es ,  the K a  do u b le t  was 
re so lv ab le  in  bo th  the  m a te r ia ls  IMI.130 and IM I.318A, thus no s e r io u s  
e r r o r s  occurred  in  the  m acro -s tre ss  r e s u l t s .  The e r r o r s  would, however, 
in c re ase  when the  d i f f r a c t i o n  l in es ,  become broadened and d i f f u s e d .  In  
such cases the  Iv cc doub le t  i s  no t re so lv a b le  and s c a t t e r  i n  m acro -s tre ss  
r e s u l t s  in c re a se s  w ith  in c rease  in  the  l e v e l  o f  r e s id u a l  m a c ro -s t re s s e s .
The fo l low ing  l im i t s  f o r  h igh  s t re n g th  m a te r ia ls  such as BS.99 o r  managing 
s t e e l s  are  n o t  uncommon:-
Surface Residual M acro-Stress Limits
2  * "  4- ~  2
1 0 .0  t o n f / i n  - 1 , 0  to n f / in "
1 0 .0  to  3©«0 to n f / in ^  -  2 -  to n f / in ^
o . o
3 0 .0  to  50*0 t o n f / i n 4" -  4 . 0  -  5 .0  t o n f / i n '
2 , 2
From 5 0 .8  t o n f / i n "  „ 7 _ 8 t o n f / i n  '
upwards.
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F u r th e r  e r ro r s  can a r i s e  due to  f i lm  shrinkage r e s u l t i n g  from 
tem perature changes. However, with the  use ' of . c a l ib ra t io n  -powder, a l l  the  
f i lm s  are  s ta n d a rd is e d  and allowance i s  made f o r  the  f i lm  s h r in k a g e »
7 . 2 , 1 . 6 . E l a s t i c  C onstants . 7
The accuracy of s t r e s s  measurements u l t im a te ly  depends upon the
s t r e s s  f a c to r s  used in  s t r e s s  a n a ly s is .  For measuring s t r e s s e s  by th e  X-ray
back r e f l e c t i o n  te ch n iq u es ,  in  both IM I.130 and IM1.318A, the  s t r e s s  f a c t o r
i s  c a lc u la te d  t h e o r e t i c a l l y .  For measuring s t r e s s e s  using  a d i f f r a c to m e te r
the s t r e s s  f a c t o r  f o r  bo th  m a te r ia ls  i s  determined e x p e r im en ta l ly .  The
Young’s modulus and P o is so n ’s r a t i o  which e n t e r  in to  the s t r e s s  a n a ly s i s
(Theory given in  Appendix 2) a re  th e  fundamental p ro p e r t ie s  of the m a te r ia l
and a re  sensitive to  p re fe r r e d  o r i e n t a t i o n ,  composition and s t r u c tu r e ,
M ate r ia ls  show co n sid e rab le  e l a s t i c  an iso t ro p y  v/ith r e s p e c t  to  c r y s t a l l o -
graphic  d i r e c t io n s .  The measured s t r a i n ,  which corresponds to  one p a r t i c u l a r
d i r e c t io n ,  -may n o t  bb a c c u ra te ly  r e l a t e d  to  s t r e s s  by m echan ica lly  measured
values  of bulk e l a s t i c  c o n s ta n ts .  The alpha phase (H.C.P. s t r u c t u r e )  in
t i ta n iu m / t i ta n iu m  a l lo y s  i s  a .n iso trou ic  and as such th e  value of Young’s
6 \  2modulus xn the range 14 - 1 / x 10  l b f / i n  in  the  lo n g i tu d in a l  as well as 
t ra n sv e r se  d i r e c t io n s  f o r  bo th  IMI.130 and IMI.3TBA a r e '• <--n* The
X-ray values  of Young’s modulus determined by trie two exposure methods fo r  
only 213 r e f l e c t i o n s  in  IM I.130 and IM I.318A are comparable to  those d e te r ­
mined m echanically  i n  t e n s i l e  t e s t i n g  (Tables 1 and 2 ) .  T h e re fo re , bulk 
values  of e l a s t i c  co n s tan ts  have been used in  s t r e s s  a n a ly s is  of IM I.130 
and IMI.318A v/ithout in tro d u c in g  any se r io u s  e r ro r s  in  the  s t r e s s  r e s u l t s .
7 .2 .2 ,  Accuracy of M icro-S tress  Measurement,
i
I t  i s  no t p o s s ib le  ^o quote the l i m i t  of accuracy o f  m ic ro - s t r e s s  
va lues  s ince  i t  i s  d i f f i c u l t  to  check and compare w ith a n y ‘o th e r  s tan d a rd  
method. Using th e  i n t e g r a l  b read th  method f o r  m ic ro - s t re s s  measurement, 
L ind ley  (222), Northwood (223) and Pearce (224) have quoted the rep ro d u c ib iid  
of r e s u l t s  w ith in  -  3%•
In  t h i s  I n v e s t ig a t io n ,  u s in g  i n t e g r a l  b read th  method, the peak a re a  was 
checked by manual coun ting  and the  P lan im e te r  and agreement of a re a  was
+ 1 ‘w ith in  -  1?o. For improved accuracy  and c o n s is ten cy  in  r e s u l t s ,  the b e s t  
s t r a i g h t  l in e s  were drawn by the l e a s t  square* method using  com puta tional 
f a c i l i t i e s .  This method, however, doos not a l lo w , due w eigh ting  to  more 
im portan t p o in ts  on the  graph , n e v e r th e le s s ,  the  method i s  r e l i a b l e  and 
c o n s i s te n t .
The e r ro r s  in  the  measurement o f  i n t e g r a l  b read th  in c re a se  with h ig h e r  
Bragg angle d i f f r a c t i o n  peaks F u r th e r , with, in c rease  in  p is  t i c  deform ation  
the peak i n t e n s i t y  drops and thy broadened l i n e  p r o f i l e s  tend  to  merge w ith
COy *-•
the background, thus making i t  d i f f i c u l t  to  s e le c t  the co rrect background 
l e v e l .  This r e su lts  in  overestim ation o f the peak area and consequently  
overestim ation of peak height and v ice  versa. The errors thus cancel out 
(224) and estim ated errors are w ith in  4“6/£ fo r  p la s t ic a l ly  deformed 
specim ens. •
The in te n s ity  d is tr ib u tio n  o f various r e f le c t io n  varies w ith the
mode o f p la s t ic  deformation and w ith the block m aterial used. This fa c to r
leads to  d i f f ic u l t y  in correctin g  the observed broadening fo r  the in s tr u -
* * 2
mental e f f e c t s .  . The v a r ia t io n  o f (3 and ( '{3 ) values obtained was
- f  .
w ith in  -  5% o f the mean v a lu e . .This i s  w ith in  the l im its  o f accuracy in  
measuring m icro -stresses and as such no ser iou s errors have occurred in  
quoting the actual le v e l  of in icro-stress v a lu es .
As pointed out bjr Warren (154) , the presence of stack ing fa u lts  .in
H.C.P. m etals r e su lts  in  the m odification  of lin e  broadening. The e f f e c t  
of stack ing fa u lts  in  titanium  has not been in v estig a ted  ana i s  required  
to  be in v estig a ted
7 .3 . 'E ffect o f  Deformation in  U n id irection a l and U niaxial.T ension  
on the Applied and Residual S tresses  in  IMI .150 and I I v n «  «
7 .3 .1 .  The experim ental r e su lts  in  P igs. 9 -,,13 , 20, 22 show that in  
the e la s t ic  range, the rate of increase in  the la t t ic e  s tr a in  c lo s e ly  fo llow s  
the to t a l  applied  s tr a in . With the onset of p la s t ic  deform ation, the rate
o f increase in  la t t ic e  s tr a in s , however, decreases. The r e su lts  obtained  
are sim ilar  on both the tension-and compression faces o f the s tr ip s  fo r  
both the m aterials using Co It 04 ra d ia tio n . Further, for  IMI.1 30 "Che r e su lts  
in  F ig s.. 1 0 - 1 3  show that m acro-stresses are s im ila r  on both compression 
and ten sion  faces of the s tr ip  using three rad ia tion s 0 § L  K  c r  «, Co K  CL C<k
004, 114 and 006 r e f le c t io n s  r e sp e c tiv e ly .-  The important observation i s  /
th at the resid u a l or applied surface m acro-stress values were obtained in  
the e la s t ic  as w e ll as p la s t ic  deformation regions w h ils t  K  tt , doublet
remained reso lved . This im plied that there can be no doubt th a t the s tr e s se s
measured were not due to any system atic errors in  measuring the d if fr a c t io n  
l in e s .  Further the s im ila r ity  of r e s u lt s  on the compression and ten sio n  
fa ces  in d ica te  th a t errors are a lso  not due to  the bending of the t e s t  
s tr ip s .
7 .3 .2 .  The r e su lts  in  F igs. 9 and 22 a lso  show that resid u a l s tr e s se s  
in  both m aterials do not develop u n t il  the X-ray l im it  o f p ro p o rtio n a lity
i s  exceeded. In IMI.130, there i s  a d ifferen ce  between the X-ray and te n s ile  
l im its  of p ro p o rtio n a lity , the former being two th ird s of the la t t e r .  In 
IMI.318A there i s  a lso  a d ifference between the two lim its  o f p ro p o r tio n a lity , 
the X-ray l im it  of p rop ortion a lity  being four f i f t h s  of the te n s i le  l im it  of
p rop o rtio n a lity . Further p la s t ic  deformation occurs a t  a s im ilar  s tr e ss  
le v e l  in  the alpha and the beta phase. In aft e p la s t ic  deformation range, 
the increase in la t t ic e  s tr a in  per u n it s tr e s s  is  le s s  than th a t in  the 
e la s t ic  range fo r  both- the m ateria ls; further increase i s  grea ter  than in  
the e la s t ic  range.
7•3*3* The observations regarding the lim its  of p rop ortion a lity  and 
development of resid u a l la t t ic e  stra in s  are in  p a r tia l agreement with the 
experim ental e vide nee o f G-locker and Kasenmeier (53) who have reported  
th at for  211 r e f le c t io n s  in  mild s t e e l  s tra in  ce?~ses to be proportional, to  
the applied  s tr e s s  a t about th ree-fourth s of the te n s i le  l im it  o f proportion­
a l i t y .  These fin d in gs a re , however, d ir e c t ly  contrary to  the experim ental 
r e s u lt s  of Smith and Wood (58 - 6 0 , 64 ) ,  Finch (65 ) and G-reenough ( 6 l )  who 
have observed th at a non-proportional l im it  commences a t the te n s i le  l im it  
of p ro p o rtio n a lity .
7 . 3«4« The observed d ifferen ce  between the X-ray and te n s ile  lim its  
of p ro p o rtio n a lity  may be due to  the s e le c t iv e  nature of the X-rays. The 
m acro-stresses are measured in  a given d irectio n  fo r  only those grains Iryg 
the p o ly c r y sta llin e  aggregate, which are so orien tated  as to  contribute to  
the p articu lar  X-ray r e f le c t io n  examined. Fur the r> the grains thcOfcj r e f le c t ,  
have only cer ta in  o r ien ta tio n  w ith resp ect to the s tr e ss  axes and the 
e f fe c t iv e  value of e la s t ic  constants can d if fe r  from those of the overall;...^ 
o r ien ta tio n , as measured in  a mechanical t e s t .  Titanium i s  considerably .. . 
more an isotrop ic  than s t e e l  or aluminium^and the e la s t ic  constants may be 
a ltered  by heat treatment and other processing v a r ia b le s . In comparison, 
in  the mechanical t e s t s ,  e longation  i s  measured over a la rg er  volume of 
m aterial and lo c a l surface y ie ld in g  response may not be picked up by the 
extensom eters used.
7 .3 .5 .  Further, the m acro-stresses in  IMI.130 were measured by the X- 
ray back r e f le c t io n  technique using three rad ia tion s with d if fe r e n t  wave 
length s fo r  the fo llow in g  reasons:-
( i )  to  in v e s tig a te  the e f f e c t  o f beam penetration  on s tr e s s  
r e su lts  in  the e la s t ic  and p la s t ic  deformation ranges;
( i i )  to in v e s tig a te  the su rface , i . e .  y ie ld  poin t anisotropy of 
the surface and sub-surface c r y s t a l l i t e s ;
( i i i )  surface hardening e f f e c t .
7 .3 .6 .  The experimental r e s u lt s  shown in  F ig s . 14-18 for  IM I.i3O.2rs- 
garding the e f f e c t  o f  beam penetration are in  p a r tia l agreement v/ith the 
observations of Hauk ( l4 9 ) .  He observed th a t in  a bent beam of s t e e l ,  the 
s tr e s se s  measured w ith Cr K CX rad ia tion  were le s s  by 3 5 / than those measured
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v/ith Co K a rad ia tion , Hauk in terp reted  h is  r e su lts  in  terms o f the 
d ifferen ce  in penetrating power of the two ra d ia tio n s. On the other 
hand G-locker and Hasenmeier (53) in v e s t ig a tin g  the s tr e s se s  in  
p la s t ic a l ly  deformed s t e e l  specimen w h ils t  load was s t i l l  being a p p lied , 
a ttr ib u ted  the d ifferen ce  in  s t r e s s e s .to  the fo llow in g  two fa c to r s : -
( i )  d ifferen ce  in  penetrative power of the ra d ia tion ,
( i i )  surface e f f e c t  in  th at surface c r y s t a l l i t e s  may have a lower 
y ie ld  s tr e s s  than the c r y s t a l l i t e s  in  the in te r io r .
7 .3 .7 .  The r e su lts  fo r  IMI,130 shown in  F ig s , 16, 17 rev ea l that 
with a sm aller amount of p la s t ic  deform ation, the d ifferen ce  in  surface  
m acro-stresses obtained with three rad iation s Cu K CX f Co K& and Cr K C X  
using 006, 114, 004 r e f le c t io n s  i s  not appreciable but w ith a. larger  
amount of p la s t ic  deformation (Fig, 18) ,  the d ifferen ce  in  m acro-stresses  
obtained from 3 r e f le c t io n s  i s  d iscern ib le . From the r e su lts  i t  may be 
in ferred  that large s tr e s s  gradients develop in  h ea v ily  deformed titanium .
The depth of penetration  of the 3 rad ia tion s used fo r  s tr e s s  a n a ly s is  of -  
titanium  i s  given below :-
R adiation K C X  Wave Length X Depth o f Penetration
A in  titanium  -  0,001 mm
Cu 1.54051 3 .8
Co ; .1 .78892 2.5
Cr 2.28962 1 .4
. 7 .3 .8 .  The beam penetra'tion of Cr K C X  i s  in  the extreme surface layers^
and. as such .the s tr e sse s  measured are only rep resen tative of the surface
.  Hcond ition . On the other hand beam ■f  penetration^Cu K a rad ia tion  i s  greater  
than th at of Ct K C X  rad ia tion  and therefore the s tr e sse s  measured are the 
weighted average of surface and sub-surface s tr e s s e s .  The surface macro­
s tr e s se s  measured v/ith Cr IC CX rad iation  are approximately 50% le s s  than 
those measured w ith Cu KCX rad ia tion  (F ig . 18) w h ils t  r e su lts  obtained w ith  
Co K CX rad ia tion  are in  between these values commensurate wi th the d ifferen ce  
in  depth of beam p enetration . These observations support the evidence 
obtained by Glocker and Hasenmeier (53) in th at c r y s t a l l i t e s  in  the surface  
layers may have a lower y ie ld  s tr e s s  than those in  the in te r io r , hence low 
s tr e s s  values measured v/ith Cr K CX rad ia tion  than Cu K  CX or Co K CX r a d ia tio n s .
7 .3 .9 . ’ In X-ray s tr e s s  an a lysis  i t  is  assumed th a t the e f f e c t iv e  beam 
penetration  i s  so sm all th at the s tr e s s  component in  d irec tio n  normal to  
the surface i s  zero and consequently i t  does not a f f e c t  the s tr e s s  d e ter ­
m ination. This assumption may be v a lid  i f  the s tr e s s  gradient below the 
surface is  sm all. However, i f  the s tr e s s  gradient i s  la r g e , as can be
Page 95
e x p e c t e d  v / i th  heavy  p l a s t i c  d e fo r m a t io n  im  u n i a x i a l  c r  u n i d i r e c t i o n a l ,  s h o t  \ 
p e e n e d ,  g ro u n d ,  v a p o u r  b l a s t e d  o r  m ach ined  sG 'rfaces  i t  may be n e c e s s a r y  to  
ta k e  i n t o  a c c o u n t  the  e f f e c t  of. beam p e n e t r a t i o n  and a p p ly  th e  n e c e s s a r y  
c o r r e c t i o n ,
7.3*10 , The m acro-stresses measured with Co K CX rad iation  and Ag 
ca lib ration ' powder has shown good, co rre la tio n  with the s tr e s se s  measured by 
s tr a in  gauges and ca lcu la ted  by the bending theory (F igs, 8 , 9 ,  *i 9~22). I t  
was fo r  th is  reason that Co K C X  ra d ia tion  was used for the s tr e s s  an a lysis  
of IMI,130 u sin g  the X-ray back• r e f le c t io n  technique. Further Co K CX 
rad ia tion  gave a high Bragg angle peak o f s u f f ic ie n t  in te n s ity  fo r  measur­
ing  s tr e s se s  with greater accuracy in  both IMI. 130 and
IMI.318A using 114 r e f le c t io n . This i s  important to  make d ir e c t  comparison 
between the m aterials w ithout errors a r is in g  from preferred o r ien ta tio n .
7 .3 .1 1 « The experim ental resu i.ts  shown in  F ig s . f  and 22 in d ica te  th at  
resid u a l m acro-stresses measured in  both IMI,130 and IK I.318A are in tim ately  
connected w ith the onset of p la s t ic  deformation. In both m ateria ls the 
resid u a l m acro-stresses have increased w ith increase in  p la s t ic  s tr a in .
Further the shape of the curves fo r  resid u a l m acrp-stresses are sim ilar on 
the ten sion  and compression faces but the le v e l  of r es id u a l m acro-stresses 
in  tension  measured in  the unconstrained con d ition  on the compression face  
of the s tr ip  are of higher magnitude than compression s tr e s se s  measured on 
the opposite face  (F ig. 2 2 ), A lso^for any le v e l  of p la s t ic  s t r a in , the 
resid u a l s tr e s se s  measured in  beta phase are o f higher magnitude than the 
alpha phase. The onset of p la s t ic  deformation has occurred a t  a s im ila r  
s tr e s s  in  both the alpha and beta phases.
7 . 4 .  Proposed Hypothesis to  Explain t  he Origin of Eesidual  la t t ic e  _ Strain s
in  IMI.13O P la s t ic a l ly  D e forme cl. in  Uni -d ir e c tio n a l and U niaxia l Tens i on.
7 . 4 . 1 .  In  t h i s  s e c t i o n ,  c u r r e n t  t h e o r i e s  r e g a r d i n g  t h e  o r i g i n  o f  
r e s i d u a l  l a t t i c e  s t r a i n s  and  s p e c i f i c  o b s e r v a t i o n s  r e g a r d i n g  th e  e f f e c t s  
o f  p l a s t i c  d e fo r m a t io n  i n  u n i a x i a l  t e n s i o n ,  a r e  d i s c u s s e d  i n  l i g h t  o f  
e x p e r i m e n t a l  r e s u l t s  o b t a i n e d  from  I M I .1 30 . A h y p o t h e s i s  i s  p r o p o s e d  t o  
e x p l a i n  t h e  o r i g i n  o f  r e s i d u a l  l a t t i c e  s t r a i n s  i n  p l a s t i c a l l y  deform ed IKE.1 3 0 ,
7 .4 .2 .  G en era lly ,p o ly cry sta llin e  m aterials deformed p la s t ic a l ly  in  
u n iax ia l ten sion  show a l in e  s h i f t  in d ica tin g  the ex isten ce  o f residu al • 
l a t t i c e  s tr a in s  but these resid u a l la t t i c e  stra in s  are not d etected  by 
the mechanical methods. However, when resid u a l s tr e s s e s  are induced by 
shot peening, grinding or machining, good agreement has been obtained (19 ,93)
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'between X-ray d if fr a c t io n  and mechanical mrvs&hcds. The resid u a l la t t ic e  
s tra in s  do e x is t  a fter  u n ia x ia l or u n id irecc lon a l p la s t ic  deformation but 
considerable sp ecu la tion  e x is t s  as to  the o r ig in  and d is tr ib u tio n  of these  
s tr a in s .
7«4»3« In  o r d e r  to  e x p l a i n  t h e  o r i g i n  of r e s i d u a l  s t r e s s e s  i n  I M I .1 30 > 
th e  f o l l o w i n g  e x p e r i m e n t a l  e v id e n c e  h a s  been  o b t a i n e d .
( i )  surface resid u a l m acro-stresses have been measured a fte r
deforming te n s ile  t e s t  p ieces for  d if fe r e n t p la s t ic  strains in  
u n iax ia l tension  (F ig . 3 0 *  The resid u a l m acro-stresses have 
been measured both in  the lo n g itu d in a l and transverse d irection s  
of p u llin g  the t e s t  p ie c e s /
( i i )  Changes in  resid u a l macro-and m icro -stresses have been observed 
a fte r  progressive th inning of p la s t ic a l ly  deformed specimen 
(F ig. 32)3
( i i i )  Applied s tr e s se s  have been measured using Cu K , Co K & and "
Cr K O .
7 .4*4 . The experimental r e su lts  in  F ig s . 9 and 22 show .that the o r ig in  
of resid u a l m acro-stresses i s  in tim ate ly  connecte'd with the l im it  of 
p ro p ortion a lity  between the la t t i c e  and app lied  s tr e s s  in  the region above 
y ie ld  s t r e s s .  The resid u al m acro-stresses have not been observed in  both 
m aterials IMI.13O and IMI.318A u n t il  the X-ray l im it  o f  p ro p o rtio n a lity  
has been exceeded. I t  i s  p o ssib le  th at the p ro p o rtio n a lity  betvreen la t t i c e  
s tr a in  and app lied  s tr e s s  ceases as soon as some d is lo ca tio n  movement i s  
caused by applied  s tr e s s  and th is  may be the region in to  which a specimen may 
be required to  be stra in ed  before resid u a l s tr e s se s  are observed*
7 .4 .5 *  Probable Cause of Residual L attice  Strains
7.4.5*1* The Deformation of the Metal L a ttice .
E la s t ic  deformation which com pletely disappears on removal of
the ex te rn a lly  app lied  s tr e s s  to the c r y s ta l i s  caused by the change in
in ter-p lan ar  spacing. I t  occurs in  a manner s im ila r  to  that in  which the
extern al dimensions change. Since the atoms have l e f t  th e ir  equilibrium
p o s it io n s , there are r e su lt in g  fo rces a ctin g  on them and these forces balance
the extern al s tr e s s  applied to  the l a t t i c e .  Since th is  type of deformation
causes changes in  the in terp lanar spacing and is  measured by X-ray d if fr a c t io n ,  
/
therefore the resid u a l s tr a in s  should be e le a s t ic  in  character. Residual 
la t t ic e  s tra in s  caused by s tr e s se s  should vary in  sign  i f  th ese  are measured 
in  various d irectio n s  r e la t iv e  to  the c r y s ta l.
P la s t ic  deformation i s  caused by g lid e  in  the c r y s ta l . Part 
of the c r y s ta l g l id e s  as a whole r e la t iv e  to  the remainder across a plane
P7
of s p e c if ic  crysta llograp h ic  o r ien ta tio n . The distance i t  moves i s  an
in teg r a l m ultip le of the interatom ic spacing in  the d irectio n  o f g lid e .
Since in  the f in a l  p o s itio n  each atom has been replaced by another, and
a l l  atoms are id e n t ic a l ,  i t  would be im possible to  d e tec t th is  deformation
by X-ray d if fr a c t io n  methods if. i t  were not accompanied by other phenomena,
A fter heavy p la s t ic  deformation (154, 190) each grain in  the aggregate, i s
composed of p a r t ic le s  w ith m isorien tation s between the neighbours of a
few degrees, and with a non-uniform d is tr ib u tio n  o f d is lo c a tio n s . 7/ith in
p a r t ic le s  lo c a l  tw is t  and curvature r e su lt  in  s tr a in s  which are uniform
o
only over d istances o f the order of 100A and which increase in  magnitude
as the boundaries approach. The boundaries betwedn the p a r t ic le s  are not
considered to  be narrow d is c o n tin u it ie s  in  the la t t ic e 'b u t  wider volumes
in  which concentrated d is lo c a tio n s  p ile  ups a sso c ia ted  v/ith in te r se c tin g
s l ip  bands or w alls of screw d is lo c a tio n s  form the h igh ly  d is to r ted  3.'egions,
In commercially pure titan ium ?the u n ia x ia l deformation i s  by s l ip  and
tv/inning and cer ta in  tw ins ( l 55) contain bands of high d is lo c a tio n  density
near the twin boundaries. The d is lo ca tio n s  are^with sev ere ly  jogged
d is lo c a tio n s  and occasional stack ing f a u l t s .  The d is lo c a tio n  d en sity
0* * “in creases w ith increase in  p la s t ic  deformation. A fter ~  25% p la s t ic
a
s tr a in  w e ll developed polygonized structure is  developed.
A  •
The presence of many regions o f d isorder could cause general 
expansion of the la t t ic e  and such an e f f e c t  would a lso  produce resid u a l 
l a t t i c e  s tr a in s .
7 .4 .5 .2 ,  Teneral Expansion of the L attice  due to  P la s t ic  
Deformation.
The experim ental r e su lts  in  Fig. 26 show th a t, in  the e la s t ic  
range, the in terp lanar spacing contract l in e a r ly  v/ith increase in  applied  
s tr e s s  b u t, at the X-ray l im it  of p o rp o r tio n a lity , the in terp lanar spacing 
undergo an abrupt expansion. I t  i s  known ( l 55) th at in  tita n iu m ,.th e  
d is lo c a tio n  den sity  increases w ith increase in  p la s t ic  s tr a in  and eventually  
a t '"'25^p la s t ic  s tr a in , w ell developed polygonized stru ctu re  i s  developed. 
The accumulation of d is lo c a tio n s  r e su lt in g  from p la s t ic  deformation would 
r e s u lt  in  the displacem ent of atoms from th eir  equilibrium  p o s it io n s . 
Further, assuming th at polygonization due to p la s t ic  s tra in in g  in  uni­
d ir e c tio n a l or u n iax ia l ten sion  i s  analogous to h eatin g  a co ld  worked 
stru ctu re where la t t i c e  expansion would be expected , i t  i s  l ik e ly  that 
p la s t ic  deformation beyond the l im it  o f p ro p o rtio n a lity  would cause general 
expansion of the l a t t i c e .
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Weaver and Pfarr (41) a lso  observed marked con traction  o f  
the la t t i c e  when a t e s t  p iece from r o lle d  sheet was held in ten sion  but 
when the t e s t  piece was stretch ed  beyond yeId point the l a t t i c e  expanded. 
These observations have been confirmed by Bolienrath e t  a l (.57), Smith and 
Wood (58- 60) and Hauk (149)« Although the p la s t ic  deformation may pro­
duce expansion of the la t t i c e  but t h is  may not be the so le  cause fo r  the 
ex isten ce  of resid u al la t t i c e  s tr a in s , but strains' may a lso  be caused by 
some form of locked up s tr e s s  system in  the lattJtae.
7 .4 .5 .3«  The. Form of the Locked Up s tr e sse s
7,4*5.3*1« - or "the locked up s tr e s s  system severa l 
p ossib le  explanations have been o ffered . Sinc^e the metal aggregate as a 
whole i s  in  equilibrium  and i s  under no ex tern a lly  app lied  s t r e s s ,  these  
postu lated  resid u a l la t t ic e  s tra in s  must be opposed by a res id u a l s tr e s s  
of opposite sign  in  some part of the aggregate which i s  not contribu ting
to  the d iffr a c ted  X-ray beam. These may be c a lle d  Part A and part B.
7 . 4 *5 . 3«2 , Assuming that d iffe re n t parts ;of the 
aggregate have d iffe re n t y ie ld  s t r e s s e s , i.e.* the part A y ie ld s  under a : 
lo?/er applied s tr e s s  than part B. A fter the a p p lica tio n  o f t e n s i le  
s tr e s se s  to  deform the whole a g g r e g a t e th e  e la s t ic  s tra in  in  A w il l  be 
le s s  than in  B. When the applied s tr e s s  i s  removed, B w i l l  tend to con­
tra c t fu rther than A but w il l  be prevented from so doing by the r e ­
s tra in in g  in flu ence of A, The f in a l  equilibrium  sta te  w i l l  be'".one in  
which A i s  in  compression and B in  ten sion  to balance the fo r c es . There 
i s  general agreement w ith th is  argument but considerable controversy  
e x is t s  as to  the exact nature of the parts A and B. Two views are held;I
one leads to  resid u a l m ic,ro-stresses and the other to resid u a l macro­
s tr e s se s  and i t  i s  b e liev ed  that the superim position of resid u a l macro- 
and m icro -stresses occurs freq u en tly . Numerous th eories to  account fo r  
the contributory causes have been put forward fro'm time to time i . e .  (a) 
surface e f f e c t s ,  (b) hardening e flfec t, (c) o r ien ta tio n  e f f e c t ,  (d) coherent 
area e f f e c t  and (e) h etereogen eity  e f f e c t  in  both homogenous and h etero­
geneous m aterials but no-clear  cut explanation has y e t emerged,
7 .4 .5 .3»3* (a) Surface E ffects*
The theory of surface e f fe c t s  (53, 56, 57) i s  based  
upon the fa c t  that surface c r y s t a l l i t e s  have a lower y ie ld  s tr e s s  than the 
c r y s t a l l i t e s  in  the in te r io r  because these are le s s  constrained . This 
should lead to  surface m acro-stress system which should disappear as the 
specimen i s  thinned by chemical m illin g . The experim ental r e su lts  in  F ig , 
52 show that th is  may not be the ca se . On the other hand, surface s tr e s se s
age q^o
. measured with Cr K & rad ia tion  which has a longer wave length and sm aller  
depth of beam penetration , give lower surface m acro-stresses compared 
to  the s tr e sse s  measured w ith Cu K cx rad iation  which has a shorter wave 
length  and deeper beam penetration  (F igs, 10 -  13) .  Therefore, surface  
e f f e c t s  may be p a r t ia l ly  respon sib le fo r  resid u a l la t t ic e  s tr a in s  but 
some other explanation may be sought to  account fo r  the resid u a l la t t ic e  
s tr a in s .
'7.'4*5*3*4. (b) Surface Hardening
The theory o f surface hardening ( 67 , 68) im p lies that 
in  the p la s t ic  range the surface la y ers  w il l  h ard en .less  rap id ly  than the 
in te r io r  and the magnitude of s tr e s s  should increase.w ith  increase in p la s t ic  strai 
The experim ental r e su lts  in  F ig . 31 show th a t the surface s tr e s se s  in  the 
lo n g itu d in a l d irectio n  increase w ith increase in  p la s t ic  s tr a in . Further 
the m acro-stresses measured with Cr K Ct , Co KCt and Cu K 0, rad ia tion s  
(F ig s, 10—13) in d ica te  th at in  the subsurface regions about a few microns 
below the su rface , the m acro-stresses are of a higher magnitude. There­
fore i t  i s  p ossib le  that in  IMI.130, the theory of surface hardening may 
account fo r  residu al la t t i c e  s tr a in . However, r e s u lt s  in  F ig , 32 show 
that the compressive s tr e s s e s ,  decrease w ith depth below surface and then  
v ir tu a l ly  sta y  constant. The presence of an approximately constant s tr e s s  
a fter  removal of a few thousandths o f an in ch -su ggests  that some process 
in  add ition  to the hardening e f fe c t iv e  may be operative.
7 . 4 . 5 . 3 0 .  (c) O rientation E ffe c t .
In t h is  theory i t  i s  assumed th at an intergranular  
s tr e s s  system i s  e sta b lish ed  in  p la s t ic a l ly  deformed aggregates due to  
y ie ld  point and work hardening anisotropy. The s e le c t iv e  nature of the 
X-rays revea ls the mean la t t i c e  s tr a in s  of a s p e c ia l ly  orien ta ted  group 
of c r y s t a l l i t e s  only (10-69 -  72) .
A weakness of th is  hypothesis i s  th a t no experim ental 
evidence concerning the measurement of m icro -stresses has been put forward 
and the an a ly sis  i s  only on a q u a lita tiv e  b a s is . The experimental r e s u lt s  
in  F ig . 32 show that the resid u a l macro- and micro- s tr e s se s  occur in  
a sso c ia tio n  o f each other in  IMI.130, a fte r  p la s t ic  deformation in  un i­
a x ia l ten sio n , thus the importance of these s tr e s se s  i s  emphasised.
Further in  th is  hypothesis i t  is  assumed that the development o f  a com pressive 
resid u a l s tr e s s  in  the surface may be due to the d ifferen ce  of the y ie ld  
s tr e s s  of grains with a free  surface and o f those which are in  the in te r io r  
of a p o ly c r y sta le I f . t h i s  assumption i s  true then res id u a l s tr e s s  should
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be measured immediately a f t e r  p a ss in g  the 'f ie ld  po in t and should  n o t 
in c re ase  w ith  in c re a s in g  deform ation b u t  r a th e r  remain c o n s ta n t .  The 
experim ental r e s u l t s  in  F ig , 31> however, show th a t  s t r e s s  in c re a s e s  with 
in c re a se  i n  p l a s t i c  deform ation. F u r th e r  the  in te rg ra n u la r  s t r e s s  system 
in  any case i s  dependent.on i t s  neighbours and s t a t i s t i c a l l y  a l l  a r ra n g e ­
ments are  p o s s ib le ,  and va rious  groups taken to g e th e r  w i l l  e x h ib i t  the 
whole range of s t r e s s e s  from te n s io n  .to compression 7/ith zero mean 
s t r e s s  (26 ) .  'This hypo thesis  has been conside red  and re  j e c te d  by o ther 
investigatiR fes  (6 8 , 6 7 , 87) .
The experim ental evidence ob ta ined  i n  Figs* 31 5 32 
may p a r t i a l l y  support  th is  hypo thesis  i n  th a t  i t  i s  l i k e l y  t h a t  such an 
e f f e c t  may be o ccu rr ing  b u t  in  a d d i t io n  o th e r  f a c to r s  may be o p e ra t in g ,
7 .4 *5 . 3 .6 . (&) Coherent Area E f f e c t .
R egard less  of the s ign  of the r e s id u a l  s t r e s s  which- 
i s  d e tec te d  by X-rays from co h e ren t ly  d i f f r a c t i n g  reg ions  and as such from 
the bulk of the  m a te r ia l ,  a b a lan c in g  s t r e s s  must be p re se n t  in  some o ther  
noncoheren tly  d i f f r a c t in g  re g io n .  According to  the co heren t a rea  theory  
(75  -  7 7 ) a system of o r ie n ta te d  m ic ro - s t r e s s e s ,  l o c a l i s e d  w i th in 'r e g io n s  
of coheren t s c a t t e r in g ,  appears  a f t e r  u n ia x ia l  p l a s t i c  deform ation . A ll 
c e n tre s  of coheren t s c a t t e r in g  are co n s id e red  to  be s o f t  reg ions  and hard  
reg ions a re  re p re se n te d  by g ra in  b o u n d a r ie s ,  sub-boundaries  o r  h ig h ly  
d i s t o r t e d  reg io n s .  F u r th e r ,  the  weak reg ions  comprise most of the m a te r ia l  
w ith  th e  r e s u l t  t h a t  X-rays measure s t r e s s e s  only in  th ese  re g io n s .
The ’coherent a r e a '  theo ry  nmiy p o s s ib ly  e x p la in  the  
ex is ten ce  of r e s id u a l  l a t t i c e  s t r a i n s  and t h e i r  d e te c t io n  by X-rays to a 
c e r t a in  e x te n t ,  b u t  i t  may no t be conside red  to  be the  predominant ope ra tive  
mechanism. I t  i s  l i k e l y  t h a t  r e s id u a l  l a t t i c e  s t r a in s  develop in  IMI.130 • 
a f t e r  p l a s t i c  e x ten s io n  develop due to  a v a r i e ty  of causes and no s in g le  
mechanism can account f o r  these  s t r a i n s .
7 . A.6 . None of the t h e o r i e s ,  f o r  example, taken in d iv id u a l ly ,  can 
ex p la in  the presence of r e s id u a l  l a t t i c e  s t r a i n  so in t im a te ly  connected 
with the  onset of p l a s t i c  deform ation commencing a t  the X-ray l i m i t  of 
p r o p o r t io n a l i ty  in  IMI.130 (F igs. 9, 22) o r  l a t t i c e  c o n t r a c t io n  and 
expansion (F ig . 26), The ex is ten ce  of s t r e s s  g ra d ie n t  in  the su rface  
reg io n s  of h e a v i ly  deformed IMI.130 s t r i p  and measured using  th re e  
r a d ia t io n s  (Fig, 18) i s  a l s o  not taken  in to  account. F u r th e r ,  the  
in c rease  in  m a c ro -s tre sses  i n  th e  lo n g i tu d in a l  d i r e c t i o n  w ith  in c re a se  in
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p la s t ic  s tra in  (F ig, 31 ) nor the a sso c ia tio n  a n d -lev el of macro- and micro- 
s tr e s se s  in  the surface and sub-surface regions i s  considered.
7 .4 * 6 . 1* In the l ig h t  of experim ental r e su lts  obtained for 11:1.
130 (F igs. 9, 22, 18 , 31 ? 32) and in te r -r e la te d  s p e c if ic  observations in  
p la s t ic a l ly  deformed commercially pure titanium  using e le c t r ic  microscope 
( i 55) j  a hypothesis i s  proposed fo r  the presence o f resid u a l la t t ic e  
stra in s  in  p la s t ic a l ly  deformed LMI.13O in  u n id irectio n a l or u n ia x ia l 
ten sion .
7*4*7. Proposed H ypothesis. •
7 .4 ,7 .1 .  I t  i s  b e liev ed  th a t the resid u a l la t t ic e  s tr a in s  are
e la s t ic  in  nature. The resid u al l a t t i c e  s tra in s  in  IMI.130 do not occur
/
unless the X-ray l im it  of p rop ortion a lity  i s  exceeded and th e ir  ex isten ce  
.may be due to  the presence o f weak and strong reg ion s. The o r ig in  of 
resid u a l la t t ic e  s tr a in s  may be explained by a combination o f the various  
th eor ies d iscussed  above. The hard regions in  IMI.130 occur a t  the twin 
in te r fa c e s , low angle and developed sub-structure boundaries and other y  
regions a sso c ia ted  with d ip o les and sev ere ly  jogged d is lo c a tio n s  observed P; 
by P artridge, The crack in i t ia t io n  a t the twin in ter fa c e s  in  ground IMI.
130 i s  shown in  Photos 7 and 8 and i t  i s  expected* th at in  IMI 1 30 deformed 
. in  u n id irectio n a l or u n iax ia l ten sion  S-'heavy d en sity  o f d is lo c a tio n s  forming 
high ly  d is to r ted  regions would occur a t the twin in te r fa c e s , low angle or £4 
sub-structure boundaries. The weak regions comprise most of the m aterial 'f 
with cen tres of coherent sca tter in g . There w i l l  then be^gradual tra n sitio n -  
towards h igh ly  d isto rted  region^where the p r o file s  w ith long ’t a i l s ’ tend 
to merge w ith the background. I t  must be remembered th at X-rays r e f le c t  
selectively  from grains in  the correct Bragg p o s it io n . A lso , near p er fec t  
c ry s ta ls  d if fr a c t  a higher proportion of the d iffr a c ted  energy near the 
p r o file s  maxima than do le s s  p erfect c r y s ta ls ;  the la t t e r  give p r o f ile s  
with long t a i l s  which tend to  become lo s t  in  the background. Thus X-rays 
i give a weighted average in  favour of the most p erfect g ra in s , which w i l l  
' tend to  be in  a s ta te  of n ^ cro -stress. The m icro -stresses w i l l  occur 
sim ultaneously and are measurable by the lin e  broadening techniques rather  
than the liy\o s h i f t  techniques used fo r  measuring the m acro-stresses.
Further^ where compressive rdsidual m acro-stresses are shown by the X-rays , 
te n s i le  s tr e s se s  must a lso  be present somewhere in  the specimen to balance 
the fo r c e s . Thus the lo c a tio n  o f the b a la n c in g 'te n s ile  s tr e s se s  may vary, 
but must be a ssocia ted  with the p la s t ic a l ly  deformed d is to r te d  reg io n s, and 
may d if fr a c t  with lower in te n s ity .
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7 .4 .7 .2 .  I t  i s  concluded th at a l l  experimental data concerning 
the resid u a l la t t ic e  s tr a in s  shown in  F ig s . 9 , 22, 18 and 31 may be ex­
plained by the y ie ld  p oin t anisotropy o f the c r y s t a l l i t e s  o f the poly-  
c r y s ta ls pand due to  y ie ld  point d ifference,betw een  the surface parts and 
the in te r io r  parts o f the specimen . The r e su lts  in  F ig . 26 agree w ith  
the assumption of an o v era ll contraction  o f the la t t ic e  in  the e la s t ic  
region and expansion o f the l a t t i c e  when the X~ray l im it  of p ro p o rtio n a lity  
i s  exceeded, and majr p a r t ia l ly  account fo r  the o r ig in  of res id u a l la t t ic e  
s tr a in s . Further, in the p la s t ic a l ly  deformed IMI.130, the super­
im position of macro- and m icro -stresses occurs, thus giving r is e  to so f t  
and hard reg ion s. The s tr e s se s  in  the so ft  re/gions are balanced by the 
s tr e s se s  in  hard regions and X-ray measurements give a weighted average- 
rather than the absolute value in  favour of the weak regionsywhich are 
in  compression and comprise most of the m aterialC  -
7 • 5. Ef f e c t  o f Surface Treatments on the R esidual Macro-and M icro-Stresses 
in  IMI.130 and M acro-Stresses only in  IMI 318A. . f  f;
7 .5 .1 .  The surface roughness and surface in te g r ity  are two main 
aspects o f surface q u a lity  a r is in g  from machining operations. Machining 
introduces a wide v a r ie ty  of surface layer  a lte r a tio n s  which in c lu d e : 
overheating of the su rface, cracks, tears and la p s , resid u a l s tr e sse s  or 
d is to r t io n . These a lte r a tio n s  r e s u lt  due to : -
( i )  high temperatures or temperature gradients produced in  the 
machining operation.
( i i )  p la s t ic  deformation.
( i i i )  chemical reactjion and absorption of products of chemical 
rea ctio n  in to  th e work surface.
7 .5 .2 .  The undesirable surface a lte r a tio n s  r e su lt in g  from abusive 
machining and grinding a l l  have a pronounced e f f e c t  on the p o ten tia l 
strength  of components. The resid u a l m acro-stresses thus introduced in to  
the su r fa ces , may be te n s ile  or com pressive, high or low, and shallow
or deep. The resid u a l s tr e s s  at the surface may be sm all and com pletely  
d iffe re n t than the subsurface maximum resid u a l m acro-stress. I t  i s  
therefore necessary to know\the resid u a l s tr e ss  d is tr ib u tio n  below the 
su rface. There are two s ig n if ic a n t  fea tu res in d ica ted  by the s tr e s s  
d is tr ib u tio n  cu rves, f i r s t l y  the in tegrated  area under the curve and 
secondly the maximum subsurface s t r e s s ,  which may be e ith e r  te n s i le  or 
com pressive. The in tegrated  area under a curve i s  in d ica tiv e  o f the 
to ta l  s tr e s s  in  the surface la yers that tends to oroiuce d is to r tio n
w h ils t  maximum value of sub-surface s tr e s s  may in fluence the dynamic 
properties of the component. The depth of s tressed  layer  i s  of con­
sid erab le  importance sin ce  i t  determines the degree of penetration  of 
the surface disturbance and g ives an in d ica tio n  o f how much m aterial 
i s  required to  be removed from the surface to  elim in ate any surface  
e f f e c t s .
7 .5 .3 .  A fter machining the components are fu rther processed for  
tv/o rea so n s:
( i )  to improve the s ta t ic  and dynamic properties!!
( i i )  to protect a g a in st corrosion .
In order to  improve the dynamic properties of the machined
su rface, compressive surface and subsurface layers are imparted by shot
peering, tum bling, burnish ing, vapour b la s tin g  or b a 'llis in g , w h ils t  
components are pain ted , p lated  or e le c tr o p la te d  to  in h ib it  corrosive  
attack .
7 .5*4 . I t  has been shown ■frk&t) titanium  a llo y s  can ;be ground
with precautions and a t  lower than normal speeds, to  give low resid u a l 
s tr e s s e s . Moderately l ig h t  down' feed  ra tes  must be used and frequent 
wheel dressing  carried  out to  obviate wheel loading. The loading  
problem i s  due to  the low thermal conductivity , of titanium  lead in g to  
high surface tem peratures, coupled with the readiness w ith which the 
surface g a l l s .  Further, due to strong a f f in i t y  of. titanium  fo r  oxygen, 
the metal surface i s  prone to  atmospheric contam ination during grinding  
i f  extrem ely high temperatures are generated. Absorption o f oxygen 
a t the surface can r e s u lt  in  the formation of a th in  oxygen rich  laj^er 
of s ta b il is e d  alpha titan ium ?which i s  hard and b r i t t l e .  The micro- 
structure of good and abusl'.vely ground H ylite  51 titanium  a l lo y ,  (4A1- 
4Sn~4Mo-0.5 S i ,  90 T onf/in  ) are shown in  Photos 1 and 2. For comparison> 
the m icro-structure of turned H ylite  51 is  "-shown in  Photo 3. In the 
abusively  ground specimen considerable flew  (Photo 2) in  the grinding  
d irectio n  has occurred; i arther, an extrem ely b r i t t le  skin la y e r  a sso c ia ted  
with micro-cracks is  present.
7*5.5* Surface/Subsurface examination o f IMI.130
7 .5 .5 .1 *  The sujrface damage due to grinding of IMI. 130 w ith  
varia tion s in  down fee  d/pass are shown in  Photos 9-14-. The grinding  
variab les used are given in  Appendix 6 . The m etallographic examination  
(Photos 7 -8 ) shows that titanium  ground with a down fe e d  0.003 in /p a ss  has 
flowed in the d irectio n  of grinding. Further, the deformation is  
a ssoc ia ted  with twinning and micro-cracks a t the twin in te r fa c e s . The 
twin in ter fa ces  are probably a sso c ia ted  with d ip o les and se v e r e ly  jogged
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d is lo c a tio n s  as observed -by Partridge (155)« Apparently the p la s t ic  re ­
la x a tio n  v/as not s u f f ic ie n t  and therefore cracks appeared a t  tv/in in te r ­
fa ces  a sso c ia ted  with high d is lo c a t io n  d en sity . E lectron micrographs in  
Photo 19 shows the d is lo c a tio n  configuration  in  ground titanium  w ith a down 
feed  0,0005 in /p a s s .
7 .5 .5 * 2 , S im ilar ly  the met'allographic evidence obtained from' 
shot peened IMI.13O i s  shown in  Photo 6 . The deformation- i s  a sso c ia ted  
with tw inning and the twinning d en sity  has decreased with depth below the 
su rface. The e lec tro n  micrographs (P hotos■17-and 18) show the high den sity  
o f d is lo ca tio n s  and i n i t i a l  stages of sub-structure formation due to  shot 
peening.
7 .5*5.3*  The evidence obtained from electro-m icrographs i s ,  
however, inconclu sive and more experim ental work i s  needed to  study the 
behaviour o f these surface parameters. Nevertheless^the high d is lo c a tio n  
d en sity  observed even w ith a moderate down feed  0.0005 in /p a ss  suggests that] 
titanium  should be ground with caution .
7 .5 .6 .  Surface/Subsurface Residual Macro- and M icro-S tresses.
7 .5 .6 .1 .  The r e su lts  of resid u a l macro-'" and m icro -stresses  
produced by grinding and shot peening of IMI.130 on the surface and the 
d is tr ib u tio n  with depth below the surface are shown in 'T ables 12-15 and Figs; 
33~37. The r e su lts  show th at the resid u a l m acro-stresses always occur in  
a sso c ia tio n  v/ith the resid u a l m icro -s tre sse s , hence the importance of 
measuring both i s  emphasised. Further, the macro-and m icro -stresses  occur 
sim ultaneously in  the surface regions and vary in  a s im ila r  way in  the  
subsurface r eg io n s;thus demonstrating th e ir  a sso c ia tio n .
7 .5 .6 .2 .  Grinding.
The v a r ia tio n  of surface macro- and m icro -stresses  in  ground 
IMI.130 (P ig . 33) as a fu n ction  o f down feed  rate per p a ss , may be a sso c ia ted  
with the sev e r ity  of grinding and a sso c ia ted  thermal e f f e c t s ,  i . e .  surface  
tem peratures, temperature gradients coupled w ith low thermal co n d u ctiv ity  of 
titanium .
I n i t ia l l y ,  the m aterial ground w ith a down fe e d  0.0005 in /p a ss  
was com pressively s tr e sse d  due to p la s t ic  deformation and work hardening  
of the surface f ib r e s ,  thus producing compressive m acro-stresses and m icre- 
s tr e s se s  of lower magnitude. With change in  down feed  to  0,001 in /p a s s , the 
surface layers were fu rther compressed r e s u lt in g  in  increase o f both surface  
compressive m acro-stresses and m icro -stresses due to the increased  le v e l  of 
p la s t ic  deformation and work hardening o f the surface la y e r s . With fu rth er
Pa.f/e i fri
increase in  down feed  to  0,002 in /p a s s ,' th e  increase in  p la s t ic  deformation 
and v/ork hardening was probably a sso c ia ted  with high surface temperatures 
and may have resu lted  in  surface s tr e s s  r e l i e f ;  thus the magnitude of com­
p ressive  m acro-stresses and m icro -stresses  decreased. Close co rre la tio n  
between the compressive m acro-stresses and m icro -stresses i s  to  be noted , 
thus the m icro -stresses  increase as the compressive m acro-stress in c r ea se s , 
and decrease as the compressive m acro-stress decreases. Further, in crease  
in  dovm feed  to 0,003 in /p a ss  resu lted  in  abusiV^ grinding due to -over­
heatin g  and s t i l l  fu rther increase in  p la s t ic  d formation and work hardening, 
The stereoscan  micro photographs (Photos 15 and 16) show that the surface  
i s  considerably damaged. The m etallographic examination (Photos 7 and 8) 
shows that cracking has occurred a t the twin in ter fa c e s  and the m aterial 
has flowed in  the d irection  o f grinding. During grinding the m aterial 
may have been h eav ily  compressed r esu lt in g  in  high compressive macro­
s tr e s se s  and m icro-rstresses compared to those r esu lt in g  from a down feed ■ .
of 0.002 in /p a ss . The compression of the surface layers probably had the 
overrid ing e f f e c t  and surface temperatures might not have been high enough 
to  cause s u f f ic ie n t  surface s tr e s s  r e l i e f .  Further the grinding might 
have r e su lte d  in  f a ir ly  higher le v e l  of m icro -stresses  which may have been 
w ell in  excess of the y ie ld  strength  of the m a ter ia l, thus causing the 
occurrence o f m icro-cracks at areas of heavy d is lo c a tio n  d en sity  a t the 
twin in te r fa c e s . <
I t  i s  b e liev ed  gen era lly  th at surface compressive m acro-stresses  
are b e n e fic ia l and prevent crack in i t ia t io n  and in h ib it  crack propagation. 
N evertheless m icro-cracking has occurred (Photos 7 and 8) in  sp ite  of the 
presence of b e n e f ic ia l  compressive m acro-stresses. I t  therefore im p lies  
that high lev e ls  of m icro -stresses play a v i t a l  ro le  in  the surface in t e g r ity  
o f ground titanium . Further, the s im ila r ity  between the r is id u a l  macro­
s tr e s se s  measured in  the grinding d irectio n  and orthogonal to  the grinding  
d irectio n  is  to  be noted.
The actual suxi’ace s tr e ss  p attern , however, i s  n ot in d ica tiv e  
of the o v era ll s tr e s s  pattern v/ithin the surface la y ers , since the depth of 
penetration  and the le v e l  and sign  of the induced resid u a l s tr e s se s  may 
vary with the sev er ity  of the §'inding con d ition . The resid u a l sub-surface  
macro- and m icro -stresses  d is tr ib u tio n  w ith down feed  of 0.001 in /p a ss  are 
shown in  F ig s. 3 4 - 3 ^he co rre la tio n  between m acro-stresses and micro­
s tr e s se s  i s  again to be seen.
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7*5.6*3. Machining (Turning and Pace End M illin g ) ,
Generally th ese machining processes develop compressive macro­
s tr e s se s  in  the.- major working d ir e c tio n  o f the c u tt in g  zone, The magnitude 
of the s tr e s s  7-is a fu nction  of the c u tt in g  fo rces involved and the mechanical 
properties o f the m aterial being machined, Machining v a r ia b le s , which'may 
a f fe c t  the s tr e s s  d is tr ib u tio n , are cu ttin g  to o l sharpness, c u tt in g  speed, 
feed  r a te , depth of c u t , to o l geometry and cu ttin g  f lu id .
The surface resid u a l s tr e s se s  produced by face end m illin g  and 
turning o f  IMI.130 are shown below:-
2Process S tress to n f /in
M acro-stress M icro-stress
Face end m illin g  —i 5*3 22 .0
Turning - 11.6 14.2
These machining processes have developed surface compressive 
m acro-stresses and m icro -stresses . The a sso c ia tio n  between the tv/o types 
of s tr e s se s  i s  again to  be seen . Face end m illin g  has produced a higher , 
magnitude o f m acro-stresses and m icro -stresses compared w ith turning.
Although surface inacro-stresses r esu lt in g  from m illin g  are com pressive, 
the level'O f m icro -stresses i s  v ir tu a l ly  approaching the y ie ld  stren gth  
of IMI.130. I t  i s  possib le  that a s itu a t io n  sim ila r  to that brought about 
by grinding w ith a down feed  o f 0.003 in /p a ss  may arise^and th erefore i t  
i s  important th at the optimum machining conditions should be used fo r  face  
end m illin g  of titanium .
7 .5 .6 .4 .  Shot Peening,
The surface resid u a l s tr e s se s  induced by shot peening IMI.130 
are shovm in  F ig s . 34, 35 and 37. The c o rre la tio n  between compressive 
m acro-stresses and m icro-stresses i s  again to  be noted. As nearly  a l l  
fa tig u e  and s tr e s s  corrosion fa ilu r e s  emanate from a fo c a l po in t on the 
surfacejsuch as a crack or tear , the compressive resid u a l s tr e s se s  induced  
by shot peening greatly  improves the fa tigu e  l i f e  and r es is ta n ce  to  s tr e s s  
corrosion cracking^because cracks w il l  not rea d ily  propagate in to  a com­
pressed la y e r . The e ffe c t iv e n e s s  of the process depends upon the uniform 
d is tr ib u tio n  of the compressive s tr e s se s  coupled w ith optimum peening 
in te n s ity . The b e n e f ic ia l e f fe c t s  of shot peening can be negated by over- 
peening (226), Compensating te n s i le  s tr e s se s  always e x is t  below the com- 
p ress iv e ly  s tressed  la y er . I f  the part i s  th in  and the peened surface  
th ick , the centre may be s tressed  in  ten sion  beyond i t s  y ie ld  p o in t, and 
th is  may a f f e c t  the s t a t ic  (27) and dynamic p rop erties. Overpeening may
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a lso  cause s u f f ic ie n t  co ld  work to induce su rfa ce  so ften in g . Both surface 
compressive macro- and m icro -stresses  in  IMI M 30 have increased up to  a 
peening in te n s ity  of 0 .01AA2 but tended to decrease s l ig h t ly  with a peening 
in te n s ity  of 0 . 020A2 , thus reaching a sa tu ration  va lu e . . S im ila r ly , fo r  
IMI. 318A> the surface m acro-stresses have increased w ith  peening in te n s ity  
up to  0.014A2 and tended to  le v e l  o ff  above th is  in te n s ity  and show a 
s l ig h t  decrease a t an in te n s ity  of 0,01 8A2 . The r e s u lt s  of macr'o-stress 
d is tr ib u tio n  w ith  depth below the surface (^ ig , 39) show that fo r  both 
peening in t e n s i t ie s ,  the m acro-stresses are o f lower magnitude a t the 
surface and increases w ith depth below the surface reaching a maximum value 
a t a depth of 0.003 in  below the su rface. The m acro-stresses fu rth er  
decrease w ith depth below the su rface. The d ifferen ce  in  the s tr e s s  d is ­
tr ib u tio n  below the surface between the two peening in t e n s i t ie s  i s  to be 
noted. Vfedden and Liard (220) have shown th at the fa tig u e  performance of 
shot peened IMI.318A under, reverse d irec t s tr e s s  conditions dim inished  
w ith the combination of in creasin g  shot s iz e  and peening in ten sity ,, thus 
demonstrating c lo se  re la tio n sh ip  between fa tig u e  properties and peening 
in te n s ity .
7«5»6*5» Vapour b la s t in g  the sh eet specimen O.O36 in  th ick
of IMI.130 has given the fo llow in g  s tr e s s  va lues.
. . .  p
M icro-stresses 26,3 to n f/in
2M acro-stresses -2 2 ,0  to n f /in  
The surface m icro -stresses are o f higher magnitude than those 
obtained with shot peened block specim ens. The res id u a l s tr e s s e s  have 
produced -considerable d is to r tio n  in  the vapour b la sted  specimen. However, 
the depth of cold  work may be shallow^and any removal of the vapour b la sted  
texture may com pletely destroy the b e n e f ic ia l  e f f e c t s  of the process.
The important d ifferen ce  between the resid u a l micro­
s tr e s se s  produced by the machining operations and those induced by cold  
working the surface of IMI.130 is  to  be noted. In the case of ground IMI, 
130 w ith a down feed  0,003 in /p a s s , the m icro-stresses o f 25-4 to n f / in “ 
magnitude, are considered to  be respon sib le  for  crack in i t ia t io n  a t  areas of 
high d is lo c a tio n  d en sity  whereas no cracking has been observed fo r  shot 
peened IMI.130 with the sim ilar  magnitude o f m icro -s tre sse s . I t  may be th at 
v/ith the ground specimen the m icro -stresses  reached the fracture s tr e s s  
of IMI.130 due to  grinding and s tr e s s  r e l i e f  occurred due to cracking and 
thermal e f f e c t s ,  thus lea v in g  a lower magnitude of res id u a l m icro -stresses  
on the surface.
Page 1 08
7 .5 .6 .7 .  The r e su lts  in  F igs. 33-35 and 37 show th at the micro­
s tr e s se s  ' increase as the compressive m acro-stresses in crea se , and decrease as 
the compressive m acro-stresses decrease. This i s  true fo r  the macro- and micro­
s tr e s s  induced by shot peening or produced by machining both in  th e  surface  
and sub-surface reg ion s. The r e su lts  in  F ig . 32 , however, show th at fo r  
IMI.130 deformed by 1 ($  p la s t ic  s tr a in  in  uniaxiad/ ten s io n , the reverse is  
true j in  th at m icro-stresses increase as the compressive m acro-stress d ecreases, 
thus demonstrating the e s s e n t ia l  d ifferen ce  be tv; ;en the two -types of deformation, 
This may probably account fo r  the d ifferen ce  concerning the agreement between 
the X-Ray d if fr a c t io n  and mechanical methods in  shot peened and machined surfaces 
w h ils t disagreement between the method of measurement fo r  specimerfd e f  ormed 
p la s t ic a l ly  in  u n iax ia l ten sion  referred  to  in  paragraph 7*1* Although the 
evidence may be in con clu sive  and farther work i s  needed to confirm the r esu lts ., 
n everth eless the e s s e n t ia l  d ifferen ce  i s  to  be noted.
7 .6 .  In d u str ia l Importance of Measuring Re s i  dual S tre s s e s . I
7 .6 .1 ,  In con clu sion , the sp e c ia l role of m icro -stresses  a r is in g  from 
surface treatments such as grinding, machining or shot peening.m ust be 
emphasised. •* * -
7 .6 .2 ,  Compressive m acro-stresses have been generally  recognised as bene- 
i f i c a l  to the fa tigu e and stress-co rro s io n  properties of the m ateria ls . Com­
pressive surface m s,cro-stresses may be produced by machining or grinding  
operations; 'however, a more pred ictab le  compressive s tr e ss  d is tr ib u tio n ,  
extending to appreciable depth^may be induced by cold working the surface
by shotpeening, surface r o ll in g  or b a l l is in g  (the process of fo rc in g  an 
oversized  hardened b a ll  .though the h o le ) . However, a compressive s tr e s s  
system accompanied by an exposed balancing t e n s i le  s tr e s s  i s  u n desirab le.
I t  may be necessary to remove some m aterial by chemical etch in g  to  examine 
fo r  surface flaw s. A lso , where the surface compressive la y er  i s  shallow  and 
js tr e ss  gradient i s  s te ep , the removal of a th in  la y er  ^ven fo r  chemical in ­
sp ection  procedure may be harmful. I t  i s  w ell known that the in flu en ce  of 
m acro-stresses a r is in g  from various in d u str ia l working processes in  m ateria ls  
other than titanium , has been applied w ith su ccess . On tie other hand, the 
theory and p ractice  o f micro*)-stress measurement i s  w ell e sta b lish e d  but i t  
has been rarely'- applied to in d u str ia l problems. R ecently , some in v e s t ig a to r s  
(14 , 2 6 , 198) have attempted to show the e f f e c t  o f m icro -stresses  on the 
p h y sica l, chemical and fa tig u e  properties o f certa in  m aterials other than 
titanium .
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7 .6 .3*  This in v e s t ig a tio n  has shown that macro- and m icro-stress measure­
ment in  titanium  are eq u a lly  im portant. For example, in  grind in g ,th e  ro le  of 
m icro-stress in r e a lly  s ig n if ic a n t  in  the understanding o f m icro-cracking of 
IMI.130 (Photos & 8 )j even in  the presence of compressive m acro -stressese 
The grinding o f titanium  i s  fu rth er com plicated by the temperature e f f e c t s  
due to  low thermal co n d u ctiv ity , tendency to g a l l  e a s i ly ,  whee1 loading and 
strong a f f in it y  fo r  oxygen abosrption . The experim ental evidence shows (220) 
th at t e s t s  conducted on IMI.318A to evaluate  optimum grinding parameters, 
based on the response of the surface etch  in sp ection  technique, were not 
satisfactory^  in  that etch responsive grinding was extrem ely damaging.
Further, non-etch responsive su r fa ces , which would normally have been considered  
s a t is fa c to r y , a lso  produced lower fa tig u e  stren gth . Attempts a t m itiga tion  
bj' shot peening proved u n sa tisfa cto ry  and su b sta n tia l recovery in  fa t ig u e  
properties v/as obtained only by removal of the a ffe c te d  su rface. On -this 
basis the grinding of c r i t i c a l ly  fa tig u e  loaded components i s  prohib ited  a t  
Westland H elicopters Ltd, The t e s t s  conducted were only em pirical w ith  no 
fundamental b a s is . The in i t ia t io n  of fracture i s  a very lo c a lis e d  phenomenon 
and may be in fluenced by the lo c a l m icro -stress s itu a t io n . On the b a s is  of 
evidence obtained from IMI.130 (F ig . 33) i t  i s  p ostu lated  th a t the reduction  
in  fa tig u e  properties due to grinding may be in ter lin k ed  vdth the le v e l  of 
macro- and m icro-stress d is tr ib u tio n . Grinding i s  a u se fu l machining ope:>- 
ation  and i t s  use cannot be precluded fo r  the normal production of c r i t i c a l l y  
stressed  v i t a l  p arts . I t  i s  th erefore necessary that further te s ts  should be 
carried  out to in te r -r e la te  the e f f e c t  o f macro-and m icro -stresses  on the 
grinding parameters and premature fa i lu r e s . The same so rt of con sid eration  
may apply to  other machining operations such as. face end m illin g ,
7.6,/+ . B asically^the a ir c r a ft  components are shot peened to  impart a 
b e n e f ic ia l  compressive s tr e ss  system and to in h ib it  crack in i t ia t io n  and 
propagation. Fatigue te s t  r e s u lt s  obtained from IM I.318A (.220) in d ica ted  
that under reverse d ir e c t  s tr e ss  co n d itio n s , fa t ig u e  performance dim inished  
with the combination, of in creasin g  shot s iz e  and peening in te n s ity . The 
s tr e s s  d is tr ib u tio n  curves obtained from shot peened IM I.318A to  two peening 
in t e n s i t ie s  (F ig, 39)j show th at peening to  an in te n s ity  0.01 8A3? r e su lte d  in  
a lower le v e l  of sub-surface m acro-stresses than th at peened to  an in te n s ity
0.014A2. These resu lts  may p o ssib ly  account fo r  the discrepancy in  r e s u lt s  
obtained by Wedden and Liard (220) . Further the ro le  of m icro -stresses  has 
a lso  to be taken in to  account. For example, r esu lts  obtained from IMI.130
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2(F ig, 35) show th at m icro -stress le v e l  in  both surface (2 3 .4 'to n f / in  ) and 
sub-surface regions (25.7 to n f /in ”) can exceed the l im it  of p roportion ality  
of 23.O to n f/in '. obtained from te n s ile  te s t in g . Thus, i t  i s  important to  
understand the combined e f f e c t  of macro- and m icro-stresses on the shot 
peening parameters and to  corre la te  the r e su lts  w ith s tr e s s  corrosion  and 
fa tig u e  p rop erties.
7 .6 .5 .  The ex isten ce  of m icro -stresses i s  a fundamental feature of the 
m a ter ia ls  p rop erty /. and therefore the e f f e c t  of macro- and m icro -stresses  
should be taken in to  account when eva luatin g  the e f f e c t  o f in d u s tr ia l working 
process on the s ta t ic  or dynamic p ro p ertie s ,
7 .6 .6 .  The conventional d iffractom eter technique i s  lim ited  in  th at only  
a sp e c if ic  type of specimen i s  rea d ily  examined and th is  d i f f ic u l t y  has been 
la r g e ly  overcome by the development of a transportable d iffractom eter  
sp ecia lly , designed fo r  resid u a l s tr e s s  measurement (22$). The back r e f le c t io n  
film  method, however, seems to  be more appropriate as an in d u s tr ia l to o l but 
fo r  measuring res id u a l m acro-stresses in  titanium  or titanium  a l lo y ,  i t  i s  
e s s e n t ia l to use m aterial w ithout s ig n if ic a n t  d ir e c t io n a lity  such as occurs
in  the cross r o lle d  sh eet. However, the b road en ed -ire flee tio n sw h ich  are 
an e s se n t ia l in d ica tio n  o f the presence of m ic r o -s tr a in s /c r y s ta ll ite  s iz e s ,  
are not rea d ily  analysed by the film  method.
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, 8 . CONCLUSIONS
1. Methods have been developed f o r  the  measurement of macro- and micro­
s t r e s s e s  in  IMI.130 and m acro -s tre sse s  in  IM I.318A,
2. Good agreement was o b ta in ed  f o r  m acro -s tre ss  va lues  in  IM I.13O and-IM I.31 8A 
deformed u n id i r e c t io n a l ly  i n  fo u r  p o in t  lo ad in g  u s in g  the  fo llow ing  methods
( i )  m ulti-exposure  X-ray back r e f l e c t i o n  technique ( f i lm  me th o d ) ,
( i i )  d i f f r a c to m e te r ,
( i i i )  s t r a i n  gauges,
( iv )  beam bending th e o ry ,
3* Good agreement was ob ta ined  f o r  m acro -s tre ss  va lues  on the te n s io n  and 
compression faces  of the  s t r i p  in  IMI.130, using the f i lm  method and 
th ree  d i f f e r e n t  rad ia tio n s^C u  X Ct y Co K&and Cr K (X.
4. Good agreement was .obtained f o r  m a cro -s tre ss  va lues on the  te n s io n  •
and compression fa ces  of the. s t r i p s  in  IMI.130 and IMI.318A, using  the
t  hs~
f i lm  method w ith  Co K O r a d ia t io n  {and d i f f ra c to m e te r  w ith  Cu K C trad ia tion .
For measuring m a cro -s tre sses  in  IMI.130 and-IMI,318A .by the  f i lm  method, 
i t  was e s s e n t i a l  to  use m a te r ia l  w ithou t s i g n i f i c a n t  d i r e c t i o n a l i t y  such 
as occurs in  the c ro ss  r o l l e d  .sheet. M acro -s tresses  in  IMI,130 and IMI.
318A, by the  d i f f r a c to m e te r ,  were measured i r r e s p e c t iv e  of the c o n d i t io n  
of the  m a te r ia l .
6 . Applied and r e s id u a l  macro s t r e s s e s  were measured by the f i lm  method i n  the. 
a lp h a-  and b e ta  phases of IMI.318A deformed u n id i r e c t i o n a l ly  in  fo u r  point- 
lo ad in g .  The onset of p l a s t i c  deform ation occurred a t  a s im i la r  s t r e s s  
l e v e l  in  both the  a lpha and b e ta  phases. The r e s id u a l  m a c ro -s t re s se s  
measured in  the b e ta  phase were of h ig h e r  magnitude than  in  the a lp h a-p h ase ,
7 . M ic ro -s tre sse s  were measured in  IM I.13O by the X-ray l i n e  b roadening  te c h ­
nique using  a d i f f r a c to m e te r .
8 . Macro- and m ic ro -s t re s se s  were measured in  IMI.130 s u b je c te d  to  i n d u s t r i a l  
working p ro c e ss e s ,  i . e .  g r in d in g ,  tu rn in g ,  face  end m i l l in g ,  vapour b l a s t i n g ,  
sh o t  peening 'and deformed in  u n ia x ia l  t e n s io n ,  and gave d i f f e r e n t  s t r e s s  
d i s t r ib u t io n s .
9. M acro -s tresses  were measured in  shot peened IM I.318A to  peening i n t e n s i t i e s  
0.014A2 and 0.018A2. The two peening i n t e n s i t i e s  gave s im i la r  s t r e s s  
d i s t r i b u t i o n  b u t  d i f f e r e n t  l e v e l  of sub -su rface  m a c ro -s t re s se s .
10. The values of s t r e s s  f a c t o r  determ ined ex p e r im en ta l ly ,  u s in g  a d i f f r a c to m e te r ,
pwere 34 and 30 t o n f / i n '  f o r  IMI.130 and IMI.318A r e s p e c t iv e ly .
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11. The X-ray values of Young’s modulus and P o isso n ’s r a tio  determined fo r  
213 r e f le c t io n  of alpha phase in  IMI.130 and IMI.318A, using a d if fr a c to ­
meter, were/as fo llow s
M aterial Young's Modulus P o is s o n 's •Ratio '
h b f/in ^  x 1 CP 
IMI.130 16.45 .297
IMI.318A 14.63 .375
The X-ray values of Young’s modulus'were sim ilar  to the bulk values
determined by te n s ile  te s t in g .
12. These r e su lts  are d iscussed  in  the l ig h t  of e x is t in g  knowledge and the 
s ig n ifica n ce  of measuring both macro-and m icro -stresses i s  emphasised.
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9* BECOmSM^IGMS FOR FUTURE WORK
The r e s u lt s  in  th is  in v e s t ig a tio n  have shown th a t various defonna*- 
t io n  processes g iv e  r i s e  to  macro- and m icro -stresses  in  titan ium  and th at 
th ese  can be accu rately  measured by th e X-ray d if fr a c t io n  methods* In
order to  obtain  a b e tter  understanding about th e deformation ch aracter-
■ 7
i s t i c s  o f  titanium  and titanium  a l lo y s ,  i t  i s  proposed that th e  fo llow in g  
programme o f  work be carried  out©
1) Develop methods fo r  measuring m icro -stresses  in  duplex phase' 
titanium  allojns and in  p a r ticu la r  for  IMI«31 8a«
2) Study th e e f f e c t  o f  shot peening, grind ing , tu rn ing, m il lin g  and 
vapour b la s t in g  on the macro- and in icro -stra in  measurements in  duplex 
phase titanium  a llo y s  and in  p a r ticu la r  fo r  BCE.318A©
3) The d is lo c a t io n  d en sity  i s  related, t o  work hardening and i t  may be
d es ira b le  to  examine th e  d is lo c a t io n  d e n s ity  on the surface  o f  commercially 
pure titanium  subjected  to  the fo llow in g  two modes o f deform ation, ■.which 
are known to  produce d if fe r e n t  amounts o f  m icro -s tra in :-
S .. ;■
(a ) u n ia x ia l p la s t ic  deformation or* bending,
(b) shot peening, tu rn ing, gr in d in g , m illin g  and vapour blasting©
The d is lo c a t io n  d en sity  can be derived  by th e W illiamson and Smallman ( 183) 
method* A lso th e  d is lo c a t io n  d en sity  could be deduced using th e  e lec tro n  
microscope©
4) Study the e f fe c t  o f  p la s t ic  deformation on th e  s t r e s s  factor©
Previous in v e s tig a to r s  (1 2 , 66 , 75 % 87 , 92, 121 , 184) have been cau tiou s
o f  p o ss ib le  errors when measuring s tr e s s e s  in  m ateria l su b jected  to
u n ia x ia l p la s t ic  deformation. Since p la s t ic  deformation cannot be
e n t ir e ly  e lim in ated  in  s tru c tu ra l members subjected  to . se r v ic e  lo a d s ,
j i t  i s  important to  know th e exten t to  which p la s t ic  deformation a f f e c t s
res id u a l s tr e s s  measurements in  th ese  parts© R esidual s tr e s s  measurements,
however, involve the c a lc u la tio n  o f s tr e s s  fa c to r s , which could p o ss ib ly
vary w ith a l lo y  com position, heat treatm ent, p la s t ic  deform ation, etc©
\
I t  would, th er e fo re , be d esira b le  t o  study the e f f e c t  o f  p la s t ic  deforma- 
tio n  u n ia x ia l or otherw ise on the s tr e s s  fa c to r  ca lcu la tio n s  in  com m ercially  
pure titan ium  as w e ll as duplex phase titanium  a llo y s  and in  p a r t ic u la r  
BII.318A.
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5) Study th e  e f f e c t  o f  heat treatment and phase tr&nsfoxm&tion on th e  
macro™ and m icro -stresses  in  IMI.318A* B artlo  {185) has shown th a t  
v a r ia tio n s  in  m icro-structure fend to  a l t e r  the t e n s i le  and fa t ig u e  
p rop erties o f  T i alloy* He used forged and h o t -r o lle d  "bar
stock  and employed three d if fe r e n t  co o lin g  r a t e s s i^e« to r n aco coclingy  
a ir  coo lin g  and water quenching fto  produce th e s tru c tu ra l v a r ia tio n s  
a fte r  heat tr ea tin g  specimens from 82*0-1065°C# He concluded th at the  
b est combinations o f  t e n s i le  and fa t ig u e  p rop erties  was obtained in  
m aterial w ith a f in e  grained alpha-bet a s tr u c t in 3 or  in  m ater ia l w ith
a m icro-structure c o n s is t in g  o f  a m ixture o f  f in e  primary alpha and
m arten sitic  alpha# Y/edden (186) has a ls o  in v estig a ted  the in flu en ce
/
o f  m icro-structure on the t e n s i le  and fa tig u e  properties o f  ^Al-l^oV 
T i alloy# He u t i l i s e d  r o lle d  and forged sto ck  o f varying s iz e d  sec tio n s  
having accompanying m icro-stru ctu ra l variation s*  Wedden concluded th a t  
a m icro-structure having between 60- 757° fib rou s f in e  grained primary 
alpha in  a beta  m atrix, or beta transform ation products ir r e so lv a b le  a t  
x 750, produced th e  optimum, fa t ig u e  prop erties o f  the m ateria l examinede
6) Develop a technique fo r  in v e s tig a tin g  the e f f e c t  o f  m icro -stra in s  
on th e  e lec tro -ch em ica l p o te n tia l o f  titan ium  as port of a s t r e s s
■ corrosion  .study#
7) Develop methods f o r  determ ining  the  e l a s t i c  co n s tan ts  f o r  a lpha  t i ta n iu m  
to  understand  tne e f iec t .  of e l a s t i c  co n s tan ts  on the  macro— and m icro—s t r e s s e s  1 
and a lso  the  e f f e c t  of p re fe r re d  o r i e n ta t io n  on the  e l a s t i c  p r o p e r t i e s  of the  
m a te r ia l .
8) Develop methods to  ^ investiga te  the  e f f e c t  of s ta c k in g  f a u l t  energy on
both the l in e  s h i f t  and l i n e  broadening f o r  r e f l e c t i o n s  o c cu r r in g  above 13*0°20 _
angular range f o r  IM I.1 3 0 *
9) Studjr the causes and e f f e c t s  of r a d i a l  s t r e a k in g  r e s u l t i n g  from o x id a tio n  
of IMI.130 and II.0:.31 8A.
.10) Study the  e f f e c t  of various  deformation p rocesses  on the i n t e n s i t y
d i s t r i b u t i o n  of X-ray l in e  p r o f i l e s  in  IMI.130.
11) Study the  e f f e c t  of ma'pro- and m ic ro -s t re s se s  on the  s t a t i c  and dynamic 
p ro p e r t ie s  such as f a t i g u e ,  s t r e s s  c o r ro s io n ,  fo r  duplex phase t i ta n iu m  a l lo y s  
and in  p a r t i c u l a r  IM I.318A.
12) Confirm -the comparison obta ined  between sh o t  peened/rnachined su r fa c e s  
and p l a s t i c a l l y  deformed specimens in  u n ia x ia l  ten s io n  f o r  IMI.130*
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APEENDIJ 1
Depth o f  p enetration  c f  X-rays
I t  i s  ■ assumed th at the amount o f  radix- '.ion d if fr a c te d  from 
a depth x i s  proportional to  the amount, o f- in c id e n t ra d ia tio n  a t  
th at -depth. Also hoth the in c id en t and r e f le c te d  ra d ia tio n s are 
absorbed exp on en tia lly . ■ -
I f  50?o o f the r e f lec te d  ra d ia tio n  comes from a depth x
then
. ^ X  _ ±• « e • — 2
o 0.693
' €■ C X  —  _2 |x
•where i s  the lin e a r  absorption c o e f f ic ie n t .
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AHTNDIX 2«*sn*fs4*»<a max: vumn-M r'X.VJUftat
BASIC PPJNOmSS OP STRESS ME^UIRMSIT 
BY X-RAY DOTRfcGTICN METHOD
The b a sic  p r in c ip le s  fo r  determ ining s tr e s s e s  by X-rays are based  
upon measuring s tr a in , which, i s  then converted in to  s t r e s s  by equations
e la s t ic  s tr a in  on ly , as the method i s  fundamentally a measure o f  th e  
in te r  atomic spacingsj which arc a lte r e d  by e la s t ic  s t r e s s e s «
The X*»ray technique i s  s t r i c t l y  v a lid  fo r  measurement o f  s t r e s s  in  
a m ateria l which i s  e l a s t i c ,  homogeneous and is o tr o p ic c Polyczy 31 a ll in e  
m etals s a t is fy  th ese  requirements to  a good approxhnation© I t  i s  fu rth er  
assumed that th e  p en etration  o f  th e X-ray beam in to  the sample surface i s  
s u f f ic ie n t ly  lim ite d  and th e  s tr e s s  normal to  a free  surface i s  zero*
I t  may be shown th e o r e t ic a lly  th a t in  any homogeneously s tr e sse d
body, i t  i s  p o ss ib le  to  s e t  up s p e c ia l acres (Pig*1 b elow ), such th a t an
in f in ite s im a l cube o r ien ta ted  w ith i t s  edges p a r a lle l  to  th ese  a x e s , w i l l
have no shear s tr e s se s  on i t s  cube faces© The s tr e s se s  are thus a l l  t e n s i le
and are c a lle d  th e  p r in c ip a l s tr e s se s  (°*, , ° \ , s °"T) and the corresponding1 d. 3
s tr a in s  th e  p r in c ip a l s tr a in s  (e^ , e pJ> e y «  They are r e la te d  as fo llow s 1 -
developed in  the c la s s ic a l  theory o f  e la s t ic ity ©  The X-ray method d e tec ts
P (cpv)
Appendix 2„ Fig* 1
In the ca's© o f  surfaces s t r e s s e s ,  - the 'p rin cip al s tr e s s e s  cf + cr 
are in  the surface p lan e, thus s tr e s s  which i s  normal t o  th e  fr e e
su rfa ce , i s  aero, then
s - 1 [ o ~ v(cr + cr )-l
3 E l  v 1 + 2J J
or 8 = “  f cr. + cr 1 / N
3 E l i  2 1 (2 )
When th e  m ateria l i s  s tr e s se d , th e  spacing Of th e  atomic p lanes  
ly in g  p a r a lle l  to  the surface w i l l  be a lte r e d  from dQ (u n stre ssed  value) 
t o  &j such th a t
di -e, J- o
do
W riting e_p = measurement o f and dQ w i l l  g iv e  the sisn
o f  the p r in c ip a l s t r e s s e s : -
„  d . . -  d x
ff1 + °2  = '  v ( “ J — 2 )
o
The sum o f th e p r in c ip a l s tr e s se s  i s  u su a lly  o f  l i t t l e  v a lu e  to  th e  
engineer, fu rth er , i t  i s  o ften  im possib le to  obtain th e  same m a ter ia l in  
the u n stressed  condition®
Two exposure method
Mjr»gtjgB»a33a>3)iiadJ»aiw ,<7r«,a»a-aMraa3«.tf ^ fc*ci a « w «a3BBi»
By the two exposure method surface s tr e s s  in  any known d ir e c t io n  
can be determined® One measurement o f th e  in te r  planar spacing i s  made 
w ith  th e  X~ray beam normal to  th e surface o f the specimen where s t r e s s  
i s  d esired  (dp ) ,  and a sfecond determ ination i s  made v/ith the X-ray beam 
in c lin e d  at a known angle to  the su r fa ce , and ly in g  in  the v e r t ic a l  p lane  
f ix e d  by th e  surface d ir e c t io n  o f  in te r e s t  ( d ^ )*
The in terp lanar spacings and d y  are r e la te d  to  the s t r e s s  t o  be 
'measured in  th e  fo llow ing  -manner.
Suppose i t  i s  required to  measure the s tr e s s  in  th e d ir e c t io n  OP 
(p ig * l) .  Whatever th e  s tr e s s  system , three mutual perpendicular t e n s i le  
s tr e s se s  on p lanes which carpy no shear s tr e s s  can be foundc These are 
p r in c ip a l d ir e c t io n s , and s tr e s se s  ac tin g  in  th ese  d ir e c t io n s  cr CT cf7I c. J
are c a lle d  th e p r in c ip a l s t r e s s e s ,  a^  , a^, a^ are the d ir e c tio n  C osines 
o f  th e  Y d ir e c tio n  r e la t iv e  t o  th ese  axes®
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The s tr a in  £ , in  any chosen d ir e c t  ion  w ith d ir e c t io n  C osines , 
a2 * a >^ to  the p r in c ip a l s tr a in s  £ .j , and
2 + g3 e 5 (5 )
from the theory o f th e  s tr a in  quadric ( ) and th e  s tr e s s
ffn '= Y ff1 + a22 f f 2 + a /  °5 ( 6)
For s tr e s se s  ly in g  w holly  in  th e surface ~ o (F ig c2 below) and 
th e  s tr e s s  i s  a fu n ction  o f  (P o n ly :-
a
2
w
Appendix 2 Pig* 2 
,vriting a^  »  Cos cp a p =  S in  9  <f =  ■ cfn - 9
° 9  = °l| Cos% -I- S in2 9 (7 )
In terms o f  angular co -ord in ates in  three dim ensions9 th ese  d ir e c t io n  
C osines are written:*- (F ig * l)
a = S in  \p Cos 9
2 = S in  \j/ S in  9
J
. 2= Cos vjf = y  1 -  S in  \\f ( 8)
S u b stitu tin g  equation (8 ) in  equation ( 6 ) ,  the s tr a in  i s  expressed in  
the d ir e c t io n  9  a s s -
®YcP " ®1 ( s il1  V C os< p )2 + e2 (S in  Y S i n c p ) 2 + Cos2y  (9 )
Since s tr e s s  normal to  a free  su rface  i s  zero , i«e» = o , and tak ing  
the values o f  s tr a in  in  terms o f s tr e s s  as expressed in  equation (1 ) ? then  
equation (9) may be rewritten:***
e * 1 [ ( ^  -  V 02) Cos29  S in  Y  + ( a2 ~ v a ^) S in*9•„2. *0 . 2 San Y  ] + Cos^Y
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2 2w ritin g  Cos \ f  = i -  S in  y ,  and 'rew riting equation 10, we have
V  ”  ^  = E  1 ^ 1  " V ° 2 )  C o s 2 ( p  +  ( < T 2  - 1 > 0 1 ) S i n 2 ( p ] S i n 2 Y  -  S i n 2 ^  ( 1 1 )
A lso from equation ( 2) we have
e 7 = -  1  [ cr a 1
3 E I 1 * 2 J
2M ultiplying both s id es  o f  th e  above equation by Sin Y we have
£_ Sin2\tf = -Sin^ Y ^ (°!j + ]
/
equation (11) can be rew ritten  a s : -  
2
e Y  -  e 3  =  [ ( f f |  - v f f 2 )  C o s 2 c p  +  ( f f g  - v c ^ )  S i n 2 ( p  +  V ( ( T 1  + a 2 )  ]
2 * 
or ® ■= (tf Cos2(p + O’g S in 2 cp) (12)
^
S u b stitu tin g  0^ = ^  c °s^p + S in ^  We ^ aTe
e.„ -  e ■ = 01
y 3 E 9
nr cr -  ( s  « e } E 1 7\
U i. •— I \>f « y  «*e»*»ea*a*«a cmawwwww I I S J
9  V 3 1 + v o - 2  v ‘w ^ S in  y
i
I f  d0 i s  the in terp lanar spacing in  the u n stressed  co n d itio n , dj^
the in terp lanar spacing between the planes p a r a l le l  to  th e su rface  (measured
by normal X-ray s h o t) , d ^  the in terp lanar spacing in  th e d ir e c tio n  defined
by the angles w  and 9  then the expression  s e_ can be w r itten  in  terms
T  3
o f in terp lanar spacing
e -s. » dY “ l30 _ dJ- - ^  _ aY " Y
V /  Z mmmtn w r w * w w — ■ w**.— •— hi h w  ■««—-t — wrw  I | Aj- i
\
The accuracy o f  th e  {above expression  i s  governed la r g e ly  by the
p rec is io n  v/ith which the numerators are obtained* The same accuracy i s
not needed fo r  denominator; hence d can be su b stitu ted  fo r  dn in  theJ-
denominator. This v a lid  su b stitu tio n  th erefore 'elim inates th e  determ ination  
o f  d0 in  the unstressed  co n d itio n , the equation ( 14) rnsy be w r itten  a s : -
dV -  d ,
SY ~ 8 3 ~ —  — — —  ( i5 )
t i
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Equation (13) rcay be w ritten  as:- 
d w  -  &
Sin  y
M ulti-exposure X~rsy back, r e f le c t io n  technique
i w i r i i m n n r  - 1  t i i h u i  i i u h h i w h T i ' i i i T i  M > » T i7r i » i f i W i i f W ' r i H n w ~ ~ r n i i  ~ i i  t i « r r n i i > r K i f i i n r ~ n a . m i  w n i i i i - i i i i n T T i T r i i i ~ ' . n »  m  i  n ,  r r n ~  t t  »  n ~ m
Again n \  = 2d S in  © (B ragg's Law)
(16)
Sin  ©
*1 S in  © y
Therefore equation ( l6 )  m y  he expressed a sr
Sin©
(^p “
1 Sin  G vY
SinG
Y
> \ . 2 
or Cosec 0 _ °q>0 + v ) S in Y
E S in  ©7±
E
( 1  +  V )  Sin2Y
*¥* *r*rr ■TntT-nmva—Jrr—
■Sin Gj_
(17)
( 18)
ic e , Cosec 0 i s  a lin ea r  fu n ction  o f S in  y *
Thus, i f  back r e f le c t io n  photographs are taken w ith  th e  specimen
surface d ir e c t io n , 9  , at various in c lin a t io n s  to  the in c id en t beam, a
2number o f  va lu es o f  Cosec © y  and corresponding values o f  S in  y  s are 
obtained. A Cosec 0 ^  /S in ^ y  graph may be constructed  and from the 
r e su lt in g  s tra ig h t l in e ,  th e value o f the surface s tr e s s  comx->onent cf^ 
may be evaluated®
2In order to  obtain  accurate va lu es o f  Cosec and S in ^  from 
a back r e f le c t io n  f ilm , li t  i s  necessary to  c a lib r a te  the specimen to  film  
distance® This i s  achieved by covering th e m e ta llic  surface under examina­
t io n  with a very th in  coatin g  o f  a su ita b le  powder, This fu rn ish es on the  
film  5.ts ovm back r e f le c t io n  l in e s ,  which are then used fo r  c a lib r a t io n ,  
and a lso  as a fid u ciary  mark from which to  measure the unsyrnmetrical l in e  
s h i f t  encountered during oblique exposures©
S tress  measurement w ith d iffractom eter equipment
When the s tr e s s  determ ination by the X-ray technique i s  conducted  
w ith a d iffractom eter , the p o s it io n  o f the d if fr a c te d  beam i s  measured in  
terms of angular p o s it io n  29, th erefore  equation ( 16) should be expressed  
in  terms o f  2© rather than the in terp lanar spacing©
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Again nX = 2d S in  0 
D iffe r e n tia t in g  we get
= — Cot © A©d
or = » Got © A2 © (-19)
a  2 , •
®8 © combining equation ( 16) and (19) "we get®«
(3* — ( oq „ on \ Got © E 1 ,
ff\ •“  V I *»V 7 ejwfwu.rt.wwi •  * .<M.uic«»MiM«»ngan I V f  | ?
Y j- Y  2 1 4- v  2  ^ •1 S in Y
Let K E Cot 9
2 (1 + v ) sin** y
Then V y  =■• K (2 0 £  - -  20 ) (21)
The constant K i s  r e f  e >’red to  as th e  s tr e s s  factor*,
Method fo r  determ ining X-Hay E la s t ic  Moduli 
(Young’s modulus E & P o isson ’ s r a t io  v )
Fran equation (13) 5
/T* / p o \ 1W  • •  I O  *** O  __ I — Wttf tW W W  nwni1 TIM»»in~< imujr
Y Y 2' 1 ,  v s ln ^  
rew ritin g  th is ,.
e -  e ,  = J I ^ l D A e^ A L
Y J E
v
6 3 " “ ~  (Yj + a2) (equ ation  (2 ) )
* c Sy  ” [ (1 + v ) S in 'y  -  v (Yj + °2  ^ I ( 22)
For sim ple ten sio n  ^  -  0 a^d i s  +ve,
(
.Also s i s  equivalent to  th e d iffe re n c e  in  the. in terp lanar spacing o f the  
• \ 
atomic p lanes in  the s tr e sse d  and u n stressed  conditions which l i e  perpen­
d icu lar  to  y  9 thus
d-y; — d
Y  '  " V ^  <»>
S u b stitu tin g  the value o f  equ ■'ion (23) in  equation (22) we have:**
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d Y “ du 1 I i * v
du
«h»« | ff Q*J \ 1 / » If £ O  ^ ]2 t j j  ° " u Y  ^ V  J
or d y  = ^  + f a .  f (1 + v ) ^  S in 2Y -  v (on) j
(3
+ ^  | (1 + S in  y  *” v J (24)
The re la t io n sh ip  between d and i s  linear*,
In  order to  determine th e X-ray e la s t i c  modulus, a u n ia x ia l t e s t
has to  be carr ied  out in  the e la s t ic  range* Tha s tr e s s  ^  can be app lied
d ir e c t ly  to  a t e n s i le  t e s t  p iece  or in d ir e c t ly  to  a rectan gu lar specimen 
by means o f  four p o in t loading* In the former c a se , s tr e s s  can be 
measured by the s tr a in  gauges attached to  the t e n s i le  t e s t  p iece  but in  
the la t t e r  c a se , s tr e s s  can be measured e ith e r  by s tr a in  gauges or by 
c a lc u la tio n  from bending theory* ;
In p ra ctice  two lin e a r  p lo ts  w i l l  be obtained fo r  sample in c lin a t io n  
Y " o and Y “ Y * in te r se c tio n  o f th e  two p lo ts  would g iv e  the
value o f The values o f  E and v w i l l  be obtained from th e measured
values o f  the slopes® Since the s lo p e , mx, for  any value o f  y  , i s  g iven  by
m
Y E
i i -  [(1 + V) s in 2Y _ V ] (25)
( 26)m = _ ( v ) or d = -  f a EE u v
m4 5  = ^  [ ( 1  + V) J- .  v ] = ij_[ i + _ » L = ^ ] =  [ 1 -  v j ( 2 7 )
S u b stitu tin g  equation ( 26) in  (27) we have
m, 5  = ( 1 -V  I = m0  ( 1  .  v
^  2 V x E I J *77“ I
or 1 -  v
v mo
or J L  = 1 -  U l4-5„ = mo -  a \ 5  ,
v mo m0 ,
or v ~
Bo " 2 I%5
(28)
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S u b stitu tin g  the value o f  V in  equation ( 2 ^  v/e have
. /
_  m ^  m
u ~^7~" or E = dy, —— YpoY
• mo ~ 2 \ 5 1 ^
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APPENDIX 3
Geometry o f d if fr a c t io n  w ith back r e f le c t io n  cameras
The,type of back r e f le c t io n  photographs obtained for s tr e s s  
' measurements showing the geometry o f the back r e f le c t io n  tech ­
nique w ith the specimen in  an in c lin ed  p o s it io n  i s  shown in  the 
figu re  below :-
Appendix 5
2E vidently  two d if fe r e n t va lu es o f  Sin and the co rres­
ponding values o f Cosec 0 are obtainable from each photograph.
D iffra c tio n  l in e s  A and H are the KCXj lin e s  of Cobalt ra d ia tion
d iffr a c ted  from (11A) planes o f alpha titan ium , B and G axe the
corresponding K Ct0 component. S im ilarly  G and P are the K 0. ^
l in e s  d iffra cted  from (l2 0 )p la n es  o f  s i lv e r  ca lib ra tio n  powder.
SNp and SIv axe the normals to  the r e f le c t in g  p lanes contribu ting
to the d if fr a c t io n  l in e s  A and He The p o s it io n  o f  the l in e  peak
i s  noted v isu a lly  by Vernier s c a le . , '
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The diameter o f  the ca lib ra tio n  powder l in e s  i s  assigned a
convenient constant value o f  7 cen tim eters. The diameter o f the .
c a lib ra tio n  powder d if fr a c t io n  l in e s  i s  determined and the
numerical factor  ( i . e .  standard sing  fa cto r) by which th is  diameter
i s  to  be reduced to 7 cm i s  ca lcu la ted . The d istan ces AC and PH
are then m u ltip lied  by the standardizing fa cto r  and r e su lt in g
corrected  values are recorded as A  ^ and Ag* The r e la t io n sh ip
between A and Cosec 8 , and. A and Sinfy' i s  obtained from
the constructed graphs o f A ag a in st th ese fu n ctions (see
Appendix 4)* The s tr e s s  ca lcu la tio n  sh eets  and graphs correspond-
2ing  to a te n s i le  s tr e s s  o f 14.8 0 .8  to n f /in  and a compressive
2s tr e s s  o f  14*9 ±  0*7 to n f /in  are app Jrtuil to t h is  appendix, as 
two illu stra ted , examples.
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X-RAY STRESS CALCULAT. Tf SHEET
I Film No. 8675/T J  Film Np. j 867574
9.55 A 8 .8 4
1 0 .0 8 C 9.59
21.27
F
20.59
21.77
H
2 1 .1 0
F 21 .27 F 20,59-"
C 10.08 0 9.59
2Ri 11.19 2Ri 11.20
7.00 7.00
S.F. S.F,
C 10.08 H 21.77 c 9.39 H 21.10  |
A 9.55 F 21.27 A 8 .8 4 F 2 0 .5 9 ~ |
A1 . .53 A 2 .50 A 1 ' .55 A 2
.51 |
.352 .313 .344 .319 |
Film No. * A S in 2tp Cosec 0
8675/1 "n .332 .049 1.02535
■ 8675/1 T] .313 .0  48 1.02514
8675/4 N .344 .049 1.02550
8675/4 T] .319 .049 1.02520
X-RAY STRESS CALCULATION SHEET
Film No. '8673/2' Film No. 8S7375
/
20
• 20.76
F 20.23 F 20.18*
G _ . 9.03 _ C 8 .9 3
2R-J *11.18 2Ri 11.23
7.00 7 .00
S.F. CO
c 9.03 H 20.76 C 8.93 H ■20.84
A 8.35 F 20.23 A 8 .39 F 20.18
A 1 .70 A 2 .53 A 1 .5 4 A 2
. 66
.438 .332 .336 .411
Film No. * A ; S in2^ • Cosec 0
8675/2 30 +ri .438 .467 1.02659
8675/2 30 -11 .332 .088 1.02535
8675/5 V_n
I
0 1 .336 .088 1.02540
8675/5 30 +T) .411 .465 1.02628
X-RAY STRESS CALCULATION SHEET
Film  No. ,8675/3 Film  No. } 8675/6
8.78 A 7.80
9 .54 C 8.35
20*74
F
19.60
21.31 H 20,35
F 20.74 F 1 9 .6 0
C 9 .54 c 8 .35
2Ri : 11.20 2Ri 11.25
7.00 7.00
S.F.----- S.F.
C 9.54 H 21 .31 C 8.35 II 20.35
A 8.78 F 20.74 A 7.80 F 19.60
A 1 .76 A 2 .57 A 1 .55 A 2 .75
.475 .356 .342 .467
Film No. >P A Sin2v^ Cosec 0
8675/3 40 +rj .475 .641 1.02702
8675/3 40 - i j .396 .208 1.02563
8675/6 40 -  N .342 .209 1.02548
8675/6 40 +N .467 .641 1 .02693
:d
oe'soo
6cl •p » 5
S i n " ¥
A ppenair  F3£«^ <• lOOiaii ^ h ip  o f  Coeocr 0  a r £  S in ^  Yocrre<:ur
to  a U ,:,;f'.'v s t r e s s  o f  1 4 .8  p 0 ,8  tcriiOr:--
X-RAY STRESS CALCULATION SHEET
["Film  No] [ 8676/1 I Film  Ho. 8676/4
10.13
A
,11.60
10.80 C 12.29
22.03 F
/ 23.50
22.72 H 24.18-
F 22.03 F ! 23.50
C 10.80 12.29
2R>[ 11.23 2H1 I 11.21
7.00 I 7.00
S.F. S.F . |
HC 10.80 H 22.72 c 12.29 H 24.18'
A 10.13 F 22.03 A 11.60 F 23.50
A .67 A 2 . .69 A 1 .69 A 2 .68
'.418 .430 .431 .425
Film No. A s 1
nS>“ 
.
cm 
: 
& •H
CO Cosec 0
8676/1 11 .418 .051 1.02636
8676/1 11 .430 .051 1.02650
8676/4 11 .431 .051 1 .02652
8676/4
....
.425 .051 1.02644
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X-RAY STRESS CALCULA, * ON SHEET
"8676/2 ~ESW/JFilm  No. ! Film No.
7*00 A. 9.50
7*50
C
10.20
18.70
F
21 .42
15.36
H
21.96
F 18.70 F 21.42,
C 7.50 G .10 .20
■ 2Ri 11.20 2Ri 11.22
7.00 7.00
S.F. S.F.
C 7.50 H 19.36 C 10.20 • H 21.96
A 7.00 F 18.70 A 9.50 F
CM-4-•CM
A 1 . .50 A 2 .66 A 1 .68 A 2 .54
.313 .413 .424 .337
Film No. * A Sin2^ Cosec 0
8676/  2 30 + rj .313 .460 1.02514
8676/2 30 -  N .413 .086 1.02630
8676/5 1
0
• 424 [ • 0 C
O
M7
1 1.02643
8676/5 30 + ri .337 .4-61 1.02540
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X-RAY STRESS CALCULATION SHEET
Film  No. "8676/  3 Film  N o . T 8776/S
/
9 o06
A
11.18
9.53
C
11.82
20.72 F i 23.05.
21,33
H
23*49
F 20.72 F 23.05
C 9.53 C 11.82
2Ri 11.19 2Ri 11.23
7.00 7.00
S.F. S.F.
C 9.53 H. 21-.33 C 11.82 H 23.49
A 9.06 F , 20.72 A 11.18 F 23.05
A i .47 A 2 ' .61 A .64 A 2
.44
• .294 • CO ro .399 .274
Film No. *■ A S in ^ Cosec 0
8673/3 40 + rj .294 .632 1.02492
8673/3 40 -  N
C\JCO•
I
.207 1.02594
8673/6 . 40 -  N ' .399 .206 1.02614
8673/6 40 + T) \ .274 .631 1.02468
'500
«1 o h
A p p e n d i x  3 *  Fig* 3  R ela t io n sh ip  o f  O o s e c  G  a n d  S i n 2  V ] /  c e r r a spon d i i ? g  t o
a c a n p re s s iv e  s t r e s s  o f  1 4 *,$ « 0*7  t o n f / i n 2
APPENDIX 4
Compi.lation o f ta b le s  and preparation  'of graphs
The geometry o f the hack r e f le c t io n  technique i s  shown in  appen­
d ix  3 'F ig .1  SN^  and SN  ^ are the normals to  the r e f lec tix )g  p lanes  
contribu ting  to  l in e s  A and H. The d iffr a c ted  beam fo r  l in e  H
makes an angle 2T[ -  180 -  20 w ith  the in c id en t beam where. 0 i s
the Bragg angle .
I f  the in c lin a t io n  o f specimen normal to  the in c id en t beam 
i s  \J/ then the in c l in a t io n , o f  the r e f le c t in g  plane fo r  l in e  II
i s  V|/ -  T], and s im ila r ly  V|/ + T| fo r  l in e  A.
Y/hen the Kct^ ring  fo r  c a lib r a tio n  powder s i lv e r  (CF) has 
been reduced to 7 cms. then i t  i s  p o s s ib le  to determine the 
corrected  film  to  specimen d istan ce  frcm l a t t i c e  constant o f  
s i lv e r  and an a p p lica tio n  o f  Bragg Law fo r  the p a r ticu la r  
ra d ia tio n  used.
The d istan ce  OS (appendix 3 L ig ,1 ) i s  c a lcu la te d , OF i s  
corrected  to  3*3 cms and values are assigned  to  PH (A  ) .  Hence 
by g iv in g  a range o f values to  A , s e r ie s  o f va lu es o f 2Tj may 
be determined by applying the tangent r a t io  to  th e tr ia n g le  0 S Hf
Since 2Tj = It -  2 0 ,  Cosec 0 i s  p lo t te d  a g a in st A .
2
S im ila r ly  other curves are obtained fo r  Sin  V{/ a g a in st A 1
when
( i )  y  = r|
( i i )  y  = 30° -  T|
( i i i )  V = 30° +T|
( iv )  V/ .= 4 0 ° -Tj
(v) \\f = 40° + T]
An example to  i l lu s t r a t e  i s  g iven  below
Alpha Titanium
Radiation Co Kd /U a  1 = 1 .78892A°
C alibrating  powrder : -  Ag a^ = 4.08621 A
For Ag (h kl 420j___________
Sin 0 = ih /h 2 + + l 2
2a o
= 1 >78892 ]/20
8.17242
0 =■ 78°13*
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In the A 0 SF (appendix 3 F i g d )
Angle O S F =  K -  2 = 2 3 °  34’
In A F 0 S specimen to  film  d istan ce OS = 3*5 Q ~ 8.024cm
tan 23 34'
The accompanying tab le  has been compiled fo r  114 r e f le c t io n s  
o f titanium  using Co Kct rad ia tion  and if20 /r e f le c t io n s  o f  s i lv e r  
ca lib ra tin g  powder.
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APEE3n73IX5awMuwwoKBiw'iii iru An-ian'fa*
Rachiruter* s Method fo r  the separation  o f  CL  ^ doublet
/
This method depends on the assumption o f a 2:1 r a t io  o f  the  
maximum peak in t e n s i t ie s  o f  Ct  ^ 0'.^  peaks, 'To separate the'ft ^  and 
cr canponents o f  the peak* i t  i s  f i r s t  n ecessary  to  c a lcu la te  A© 
separation  o f  th e peaks due to  th e  ft  ^ anda r r a d ia tio n s . This i s  
obtained from the fo llo w in g  equation:*™
Xa / Xa
- - 2—  1 -  S in“1 [  l _ _ l
2dh k l 2dl*X
This angular separation  has to  be converted in to  d is ta n c e -  
along the chart record. I f  d i s  th e  doublet sep aration , the f i r s t  
step  i s  t o  d iv id e  the p r o f i le  in to  s tr ip s  by ord inates whose 
separation  i s  d , s ta r tin g  a t th e term ination  o f  th e  Ifff peak marked 
by p o s it io n  "a" in  F ig ,1 , Fran a to  a*~d th e  ft £ peak i s  the same as 
the combined tr a c e . By h a lv in g  th e ord inates between a and a~d and 
tr a n s la tin g  them through a d istan ce  d in  th e 20 d ir e c t io n , the CL 
curve i s  obtained fo r  the a*-d and a-2d . The a ^ curve in  th is  range 
. i s  then obtained by su b tractin g  the a   ^ curve from th e  combined
2 curve , The procedure i s  then rep eated , th eft  ^ curve in  th e  
range a-2d to  a~3d being obtained by h a lv in g  th e  a ord inates from 
a-d  to  a~2& and d isp la c in g  t h is  reduced curve by a d istan ce nd’!.
This procedure i s  repeated i f  necessary  u n t i l  th e  curve i s  com pletely  
reso lved .
A 0 = Sin“1 [
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•2d
20
'•en85» Fig* 1 Bachingers Method for the sep aration  o f  cf a doublet
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APPENDIX-6
1 . Grinding
Prelim inary Grinding
A t e s t  blank (30 in  x 0 .75  in  x 0 .5 0  in )  in  commercially pure 
titanium  was ground usin g  a 921 E l l i o t t  machine at the U n iversity  
o f  Surrey. The grinding d e ta i l s  were as fo l lo w s : -
Y/heel grade: 38A46H8VBE (Norton)
Wheel speed: 2140 surface feet/m in u te
Depth o f  m etal removal: 0 .015 in .
Dovm feed  ra te : 0 .013 in  @ 0,001 in /p a ss
: 0 .002  in  © 0 .0005 in /p a ss
Grinding F luid: S o lu b le  o i l
Cross feed: Approx. 0 .010 in  a fte r  each ta b le
traverse  (d ir e c t io n  c f  feed  towards 
and away from th e operator)
Grinding d irec tio n : Along the len g th  o f the specimen
N ote. The grinding wheel was diamond dressed  a fte r  every cu t up 
to  0 .013 in  and subsequently a f te r  every^O.001 in  p f m etal removed.
T est Grinding
The blank was sec tio n ed  in to  5 t e s t  coupons. Keeping a l l  other  
v a r ia b les  co n sta n t, th e down feed  ra te  was var ied  and .006 in  m ater ia l 
was removed as fo llo w s : -  
T est Coupon
Id e n tity  Down feed  ra te  N o .o f Passes
G1 0.0005 in  per pass 12
G2 0.001 in  per pass 6
G3 0.002 in  per pass 3
G4 Preserved
G5 0.003 in  per pass 2
* G6 0.0005 in  per pass 3
^Ground w ithout prelim inary grind ing.
*
2) M illin g
A t e s t  coupon (0*75 in  x 0 .75  in  x 0 .50  in )  was m illed  u sin g  th e  
fo llow in g  v a r ia b le s : -
C utter speed: 107*8 R.F.M.
C utter diameter: 0 .625 in  Clarkson End M ill
C utter feed  ra te : 0 .422 in  per minute
Depth o f  cut: 0,025 in
C utting F lu id : Soluble o i l
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3. Turning
A t e s t  coupon (0 .7 5  in  x 0 .75  in  x 0 .5 0  in )  -was turned using  
th e fo llow in g  machining v a r ia b les  s -
T ool m aterial: 
Tool nose radius: 
Peed XPR:
Depth o f  cut: 
Speed;
C utting F luid:
High Speed S te e l  
0 .020  in
0.078 in  
150 R.P.M. 
Solu b le o i l
4 . Vapour B lasting
M w * m M w n a M w » a w i M M M u l
The ”vapour b la s t” process i s  e s s e n t ia l ly  a form o f  l iq u id  
honing and c o n s is ts  o f  a h igh  v e lo c ity  water je t  carry in g , in  
suspension, cer ta in  abrasive m aterial such as alumina and s i l i c o n  
carbide. This process i s  capable o f  removing m etal from the sprayed 
surface and lea v es  a shallow  but s ig n if ic a n t  cold  worked la y e r . The 
honing e f f e c t  o f a ’’vapour b la s t” treatment lea v es  a degree o f  
surface f in is h  superior to  th at ty p ic a l o f  shot peening. The sheet  
m ateria l in  LTD.5023 was vapour b la sted  using the fo llo w in g  conditions:
Diameter o f n ozzle: 12 mm
G rit s iz e :  CS 60
Time: 30 seconds
Specimen to  nozzle  d ista n ce: 8 in  approx.
5« Shot Peening
Shot Peening 
Material Condit ions
Shot peening in te n s ity
0.008A2 0.014A2
0 .0 1 4A2 
Lower 
hardness 0.020A2
IMI.130 Shot diameter -  
inches
p
Pressure l b f / in
Nozzle/work p iece  
distance -  inches
N ozzle diameter -  
inches «
Angle o f  
impingement !
Exposure time
0.023
6
0.023
38
0.375
Normal to  
surface  
o f  t e s t  
p iece
40 sec .
0.375
Normal to  
surface  
o f  t e s t  
p iece
1 min,
40 se c .
0.031 
15
14  
0.375
Normal to  
surface  
o f  t e s t  
p iece
30 se c .
0.023  
25
0 .375
Normal to  
surface  
o f  t e s t  
p iece
40 se c .
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Shot peening in te n s ity
M aterial Shot Peening
, Conditions/
/'•
0.008A2 0.014A2
0.012jA2 
Lower 
hardness
0 ,0 1 8A2
IMI,318a Shot diameter -  
inches 0.023 0.023 0.023
/ 2 
Pressure T b f/in  " 18 38 50
Nozzle/work p iece  
d istan ce -  inches 2 2 2
N ozzle diameter -  
inches 0.375 0.375 0.375
Angle o f  
impingement
Exposure time
Normal to  
surface  
o f  t e s t  
p iece
Normal to  
surface  
o f t e s t  
p iece
Normal to  
su rface  
o f  t e s t  
p iece
Exposure tim e 1 min, 
20 se c .
1 min, 
40 s e c .
2 min. 
40 se c .
6, P la s t ic  S tra in  in  U niax ia l Tension
Type o f  
Specimen
. . ( F i R . i V
P la s t ic
S tra in Machine S ectio n Area
S 4'2 Iiou n sfie ld 0 .124  in  x 0 .027  in 0.00335 in 2
S 10 0.123 in  x 0.0235 in 0.00289 in 2
S 15 0 ,125 in  x 0.0235 in 0.00294 in 2
s 10 Denison 0.500 in  x 0.0295 in 0 .0148 in 2
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Appendix 7
E ffec t o f  ox id ation  and s tr a in  on ra d ia l tafafeaking in  IMI.130
During the course o f the in v e s tig a tio n , i t  was considered d esira b le  
to  fin d  out the e f f e c t  o f  curved su rfaces on th e  s tr e s s  fa c to r  c a lib r a ­
t io n  using a d iffractom eter  (For d e t a i l s  see  Page 65 )• Experiments were 
designed to  s tr e s s  r e l ie v e  s tr ip s  o f IMI.130 in .v a r io u s  bending j ig s  
Fig*2) manufactured froii s te e l*  I n i t i a l l y  a s i l i c a  tube shown in  Photo 22 
containi'ng a bending j ig  was evacuated to  g iv e  a vacuum o f  10*~^  mm Hg 
and heat trea ted  at 850° -  5°C fo r  1 hour* The s tr ip  was cooled  in  the  
s i l i c a  tube but the vacuum was not good enough and the s t r ip  was oxidized*  
The s t r ip s  in  various j ig s  were a ls o  deformed and reta in ed  the curvature 
o f  the bending jig s*
In order t o  heat tr e a t the s tr ip s  under id e n t ic a l  co n d it io n s , to
preclude any errors a r is in g  due t o  heat treatm ent, recourse was made t o
heat tr e a t  th e  s tr ip s  in  various bending j ig s  to g eth er . The heat treatm ent
-.5
was carr ied  out under continuous vacuum o f  10 mm Hg or b e tte r  at Nemo 
Heat Treatment Ltd*, S tockport, C heshire, as fo llo w s: -
Cy c le  de t a i l s  Vacuum min Hg
Cold before p u ttin g  on heat 8^x 10“^
At temperature 850°C 3 x  10"^
Cooled to  AOO°C 3 x  10”^
Cooled from 400°C to  room temperature -  Specimen quenched
in  argon gas
The s tr ip s  were p la s t ic a l ly  deformed and reta in ed  the curvature  
o f  bending j ig s .  The s tr ip s  were a ls o  ox id ized  and showed l ig h t  broym -  
l ig h t  b lue colours* The argon gas used was o f  commercial grade and 
probably contained im p u rities such as 0^, N or H. The s t r ip s  were 
examined by th e X-ray back r e f le c t io n  technique and r a d ia l s trea k in g , 
as shown in  Appendix 7 Photo 1 ,  was observed. The r a d ia l streak in g
increased in  in te n s ity  w ith increase in  th e  bending j i g  angle G, tend ing  
to  merge w ith  the background, thus demonstrating the a s so c ia t io n  o f  
r a d ia l streak ing  w ith  strain*
The observed streak ing i s  s im ilar  in  appearance to  asterism  observed  
in  Laue pattern s o f  deformed m etals using w hite radiation^ although the  
explanation i s  d ifferen t*
The ex isten ce  o f ra d ia l streak ing was confirmed by heat tr e a t in g  
sm all and f l a t  samples from IMIo130 str ip*  The heat treatm ent v/as carr ied
Page ^
out in  an e le c tr ic  m uffle furnaces in  a ir  in  the temperature range 
2o0° -  750°C. The X-ray hack r e f le c t io n  film s  taken from th e  heat 
trea ted  f l a t  samples are shown in  Appendix 7 Photo 2 . The s t r ip  in  
the * as received* was a lso  examined. I t  i s  t o  he seen  th a t ra d ia l 
streak ing has increased  v/ith in crease  in  temperature. The ra te  o f  
oxidation  o f  titanium  increased  w ith  in crease  in  temperature and 
showed l ig h t  brown -  l ig h t  h lue -  h lue -  dark brown co lou rs; thus 
the a sso c ia tio n  o f r a d ia l streak in g  w ith  ra te  o f  ox id ation  i s  demon­
stra ted . With r is e  in  annealing tem perature,C orresponding change 
in  grain  s iz e  i s  a ls o  t o  he expected .
The experim ental evidence thus shows th a t r a d ia l streak in g  may 
he a fu n ction  o f oxidation  o f  titanium  w ith  v a r ia tio n  in  temperature 
and s tr a in  at a g iven  temperature. The r a d ia l streak in g  prohahly 
occurs due t o  the fo llow in g  c a u ses :-  
( i )  sc a tte r in g  frcm oxygen at cms 
( i i )  d is to r t io n  r e su lt in g  from oxygen atoms as a fu n ction  o f  s tr a in  
( i i i )  change in  grain  s iz e  w ith in crea se  in  temperature.
On th e  other hand when the shot peened hlodT: specimen or sm aller  
samples frcm IMI.130 s t r ip  were sea led  in  an evacuated s i l i c a  tuhe
(vacuum 10  ^ ram Hg), th e  specimen- d id  not ox id ize  and were c lea n er .
-5When the vacuum was b e tter  than 10 ram Hg, the surface la y ers  evaporated  
and titanium  was deposited  around th e s i l i c a  tuhe. This e f f e c t  -was 
equivalent to  etch ing o f f  the surface la y ers  and might a lt e r  the su rface  
p ro p er tie s .
The evidence i s ,  however, in con clu sive  and further experim ental 
work i s  needed to  r e la te  th e e f f e c t  o f  ox id a tion  on r a d ia l streak in g; 
n everth e less  th e  fo llow ing two p ertin en t fa c ts  are t o  he noted.
( i )  During commerical heat treatm ent of titanium  under vacuum, i t  
i s  important to  hear in  mind th a t th e components^in th e  su rface  
la y ers  may he more stra in ed  a f t e r  than b efore annealing. The 
depth o f  contaminated surface la y ers  may in crea se  w ith  tim e and 
temperature and i t  may he necessary to  machine o f f  the contaminated  
surface la y e r s .
( i i )  During the heat treatment c y c le , i f  th e vacuum i s  higher than the  
optimum value necessary , then etch in g  o f f  th e  surface la y e rs  may 
r e s u lt ,  thus a lte r in g  th e  surface c h a r a c te r is t ic s . Therefore extreme 
cau tion  may he necessary  in  the in ter p r e ta tio n  o f data obtained from 
machined, ground or shot peened surfaces in v o lv in g  heat treatm ent.
I t  may he d esira b le  to  determine th e optimum vacuum cond ition s  
during th e  heat treatm ent c y c le  fo r  c o n s isten t and accu rate results®
Fig. 1 Appendix 7 Effect of bending jig angle on 
radial streaking for curved surface of IMI 130.
age 145
V2 hour 260°C
V2 hour 450°C
V2 hour 650°C
V9 hour 750°C
Fig. 2 Appendix 7 Effect of temperature on radial 
streaking for flat strips of IMI 130.
E ffe c t  o f  preferred  o r ie n ta tio n  and deformation modes 
on f l i n e f in te n s ity  d is tr ib u tio n  in  IMI»130
A ,
The experim ental evidence showed th a t i t  was rxot p o ss ib le  to  
obtain s t r e s s  fr e e  titanium  powder to  determine the instrum ental 
correction  necessary fo r  m icro -s tre ss  a n a ly s is , During annealing  
treatm ent in  vacuum, oxygen v/as adsorbed in  th e l a t t i c e  and produced 
d is to r t io n . Recourse was, th ere fo re , made to  obtain  instrum ental 
correction  using b lock  titanium  (sh ee t or bar material)®
The sheet m aterial used,had been cross r o l le d  to  m inim ise preferred  
o r ien ta tio n  and to  g iv e  an equiaxed grain  structure® The experim ental 
evidence revea led  tb at some preferred  o r ien ta tio n  existed® The in t e n s it y  
d is tr ib u tio n  o f  th e  various r e f le c t io n s  o f  annealed IMI.130 varied  frcm 
the data recorded in  the ACTM Card Index® F u rth er}it was found th a t the  
in te n s ity  d is tr ib u tio n  o f the sh eet m ateria l e x h ib itin g  stronger p referred  
o r ien ta tio n , was considerab ly affected^ in  th at th e d if fr a c t io n  l in e s  could  
not be observed w ith the film  method® x  s im ila r  e f f e c t  was observed w ith bar 
m aterial, as machined, ground or shot peened® ’ "
In order to  in v e s t ig a te  the e f fe c t  o f  various deform ation modes 
on the in te n s ity  d is tr ib u tio n , prelim inary experiments were ca rr ied  out 
t o  obtain  data from the cross r o lle d  sheet m ateria l in  the as r ece iv ed  
cond ition  as fo llo w s:-
i )  Longitudinal d irec tio n  
i i )  Transverse d irec tio n  
i i i )  43° to  the lo n g itu d in a l a x is  (RHS) 
iv )  45° to  th e  lo n g itu d in a l a x is  (LHS)
IBSl RHS
■^Longitudinal axi,
Appendix 8 F ig.1
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The in te n s ity  o f  various r e f le c t io n s  to  th e angular range 
30°  29 -  145° 29 was chart recorded usin g  a standard P h il l ip s  
d iffractom eter . The fa s te s t  scanning speed o f  1° per minute in  
d ev ia tio n  angle 29 was used, N i f i l t e r e d  Cu KP* ra d ia tio n  w ith  the  
fo llo w in g  s l i t s  were u se d :- .
Angular range Divergence s l i t s  R eceiving s l i t s  S ca tter  s l i t s
■ w V r  • ■ ■ , , .fi.A ■ ■!—iw uii ii it iii i nCwi— M— m r  jntkii^rM /im  i t c c t  — wmww h w  wmirini nwu* wr w m w ih  ii*. m  » — n>i i  h h t w i  -
30°  -  50° 1° 0,1 mm 1°
30°  -  90° 2° 0.1 mm 2°
90° -  145° 4 °  0 .2  mm 4°
The in te n s ity  values % were obtained by su b tractin g  th e background.
In order to  reduce th e e f f e c t s  o f  the s l i t s  used, prism atic*
and b a sa l p lanes were s e le c te d  from each o f  th e  3 angular ranges
mentioned above. The r a t io  o f  the % in te n s ity  o f  p r ism a tic /b a sa l
p lanes was ca lcu la ted  and the average value was obtained from th ese
th ree  r e s u lt s .  S im ila r ly ,th e  r a t io  o f  % in te n s ity  o f  the same p r ism a tic /
b a sa l p lan es was ca lcu la ted  from the % in te n s ity  data recorded in  the
ASTM Card Index fo r  titanium  powder w ith randan o r ien ta tio n . The r e s u lt s
are shown in  Table 1 . I t  i s  probable th a t , fo r  va lu es grea ter  than 1 .0 8 ,
th e p rism atic  mode o f deformation may be o p era tiv e ,w h ils t fo r  va lu es l e s s
than 1 .0 8 , the b a sa l mode may-be predominant. On the b a s is  o f t h is  proposed
hypotheses, extreme caution  i s  needed fo r  the in terp re ta tio n  o f the data and
further experim ental data i s  needed fo r  b a sic  understanding o f  the causes and
e f fe c t s  of the modes of deformation on in te n s ity  d is tr ib u tio n  and s l ip  system .
The r e s u lt s  fo r  sheet m aterial show th a t, even though the m ateria l was cross
-th<?
rolled ,- -nevertheless some preformed o r ien ta tio n  existed^and b a sa l mode 
was*predominant.
The e f f e c t  o f  surface treatm ents i . e .  shot peening (peening  
in t e n s i t ie s :  0.014&2 and 0.020A2) and grinding (dam  feed: 0.001 in /p a ss)  
on th e  in te n s ity  d is tr ib u tio n  was in v e s tig a te d  fo r  IM I.130. The d e t a i l s  
o f  the surface treatm ents are given  in  Appendix 6. The i n i t i a l  hardness 
o f  th e  specimen, ground and shot peened to  an in te n s ity  0,014A2,was 
128 HV 10, compared to  th at o f  the specimen peened to  an in t e n s it y  0.020A2y 
which was 190 HV" 10. The in te n s ity  d is tr ib u tio n  w ith depth below su rface  
was a lso  examinediand su ccessiv e  la y ers  were removed by chem ically  
m illin g  w ith  HF/HNO  ^ so lu tio n .
The r a t io  o f  th e  % in te n s ity  o f  prism atic/ba.sal p lanes was c a lc u la ­
ted , and the r e su lts  are shown in  Appendix 8 Tables 1 , 2  and F ig . 2 . I t  
i s  to  be seen  th a t s im ila r  va lu es were obtained on the surface fo r  shot
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tta-
peened specimens w ith an in te n s ity  o f  0.014A2 or 0.020A2jand b asa l
mode was predominant. There was, however, considerab le v a r ia tio n
w ith depth below th e su rfa ce . For specimens shot peened t o  an
in te n s ity  o f  0.014A2, th e  r a t io  corresponding to  randan o r ien ta tio n
tie
was obtained at 0 .010 in  below th e surface and b a sa l mode was pre­
dominant upto 0 .019  in  below th e  su rfa ce . In comparison, fo r  specimens
shot peened to  an in te n s ity  o f  0.020A2, th e r a t io  corresponding t o
th e
random o r ien ta tio n  occurred a t 0.0015 in  below it ie  su rface and basa l
the
mode a lso  changed to  prism atic mode. For ground, specim ens, th e  r a t io  
corresponding to  random o r ien ta tio n  occurred at a depth o f  0 .006 in  
below the surface w h ils t  the mode changed froija prism atic t o  b asa l a t  
a depth o f  0 .016 in  below the su rface.
The s im ila r ity  between the r a t io  o f  fo in te n s ity  o f p r ism a tic /b a sa l 
planes (Appendix 8 F ig .2) w ith  oempressive m acro-stresses shown in  
F ig . 34 and measured 0,1 the same specimen i s  to  be noted. I t  i s  probable • 
th at the in te n s ity  d is tr ib u tio n  o f  the d if fr a c t io n  l in e  p r o f i l e s ,  modes' W-; 
o f  deformation and resid u a l s tr e s s e s  may be in te r r e la te d  and i t  i s  
important to  understand th is  r e la t io n sh ip . The changes fron b a sa l to  
prism atic mode and v ic e  versa  due t o  shot peening and grinding may have 
an important bearing on the fa t ig u e  or other p ro p erties  o f  titan ium  or 
titanium  a llo y s .
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(a ) instrum ental correction  w ith sample p o s it io n s  \j/= 0 ° , y  = 45°
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The p o s it io n  where would normally occur i s  a lso  shown.
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BENDING J!
B ioto  21. G eneral view o f d iffractom eter and bending j ig  
to  deform th e  s tr ip s  for  s tr e s s  a n a ly s is •
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Photo  22. Bending j i g  and IMI 130 s t r i p  
i n  s i l i c a  tube under vacuum.
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